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1.  SUMMARY  AND  CONCLUSIONS 


1.1  SCOPE 

This  report  contains  a  description  of  the  anomalous  behavior  of  the 
Electric  Power  Subsystems  of  DSCS  II  Satellites  9437  and  9438,  and  of  the 
investigations  conducted  to  determine  the  cause  of  the  anomalies. 

1.2  ANOMALY  DESCRIPTION 

During  the  third  eclipse  season  beginning  in  September  1978, 
indications  of  anomalous  behavior  were  observed  in  both  satellites: 

a)  Unbalanced  battery  currents  on  both  charge  and  discharge 

b)  Battery  overtemperature  and  overtemperature  disconnect 

c)  Switch  from  full  charge  to  trickle  charge  at  temperatures 
apparently  outside  the  switching  tolerance  range 

d)  Branch  current  anomalies,  i.e.,  the  measured  currents  in  the 
several  branches  of  the  power  subsystem,  did  not  add  up  to  the 
measured  total 

e)  Apparent  battery  heater  switching  outside  the  temperature 
tolerance  range  of  the  heater  thermostats. 

1.3  ANOMALY  INVESTIGATIONS 

An  extensive  series  of  investigations  was  conducted  to  determine  the 
causes  of  the  various  anomalies.  These  Investigations  included  ground  test 
simulations  using  flight-configuration  batteries,  component  level  testing, 
and  analyses  of  components  and  systems. 

1.4  CONCLUSIONS 

The  following  conclusions  have  been  reached: 

a)  Two  batteries  on  Satellite  9437  and  one  on  Satellite  9438,  each 
contain  one  short-circuited  cell.  In  each  case  the  shorted 
cell  is  located  near  the  midpoint  of  the  cell  stack. 

b)  The  cause  of  the  cell  short-circuiting  has  been  identified  as 
excessive  overcharge  during  post-eclipse  recharge,  pulse¬ 
overcharging  in  auto  mode,  or  both. 

c)  In  the  absence  of  existing  damage,  similar  failures  can  be 
avoided,  or  their  rate  of  incidence  greatly  decreased,  in 
existing  satellites,  by  modification  of  on-orbit  charging 
procedures.  Several  proposals  have  been  advanced  for  the 
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redesign  of  charge  control  circuitry  on  future  spacecraft  for 
preventing  cell  short-circuiting  by  maintaining  more  positive 
control  of  peak  overcharge  currents.  A  circuit  design  has  been 
selected  and  implemented. 

d)  Several  causes  of  excessive  overcharge  in  Satellites  9437  and 
9438  have  been  postulated,  i.e.: 

1)  Changes  in  operating  temperatures 

2)  Lot  to  lot  cell  behavior  changes 

3)  Changes  in  cell  type  without  a  corresponding  change  in 
charge  control  settings. 

e)  The  mechanism  of  cell  failure  has  not  been  identified. 

Advanced  methods  of  cell  disassembly  and  destructive  analysis 
have  produced  useful  information.  Efforts  to  identify  the 
mechanism  are  continuing. 

f)  Battery  overtemperature  is  a  direct  result  of  cell  short- 
circuit  failure  (which  increases  overcharge  current),  heat 
dissipation,  and  temperature. 

g)  Apparent  out-of- tolerance  switch-to-trickle  temperatures  are  a 
direct  result  of  short-circuit  cell  failures.  Temperature 
gradients  induced  by  shorted  cells  are  responsible  for  a  false 
indication  of  temperature  at  the  switching  point.  Solid-state 
temperature  switch  operation  is  normal. 

h)  Apparent  power  subsystem  branch  current  anomalies  are  a  direct 
result  of  the  current  monitor  design.  Currents  beyond  the 
sensor  design  range  caused  a  misinterpretation  of  telemetered 
data.  Current  sensor  and  telemetry  operation  is  normal. 


2.  BACKGROUND 


2.1  POWER  SUBSYSTEM 

The  DSCS  II  power  subsystem  is  of  the  unregulated  bus  direct  energy 
transfer  (DET)  type,  delivering  power  directly  from  the  illuninated  solar 
arrays  to  the  load  without  any  intervening  loss  elements  other  than  the 
distribution  cabling.  Part  of  the  power  delivered  by  the  solar  array  is 
accepted  by  the  loads  and  the  remainder  is  available  for  battery  charging. 
Three  sealed  22-cell  nickel  cadnium  batteries  are  connected  in  parallel  to 
the  primary  bus  through  independent  control  circuits.  Figure  2-1  is  an 
isometric  drawing  of  the  battery  showing  the  positions  of  major  battery 
parts.  Appendix  1  contains  a  simplified  functional  block  diagram  and 
tutorial  material  necessary  for  a  clear  understanding  of  the  operation  of 
the  electrical  power  subsystem. 

2.2  ORBITAL  CHRONOLOGY  PRIOR  TO  IDENTIFYING  THE  ANOMALY 

Satellites  9437  and  9438  were  launched  on  12  May  1977.  Detailed 
satellite  timelines  showing  the  significant  activities  performed  prior  to 
identification  of  the  anomaly  are  presented  in  Tables  2-1  and  2-2.  Auto¬ 
matic  (Auto),  manual  full,  trickle  and  minitrickle  charge  modes  were  suc¬ 
cessfully  demonstrated  during  the  first  2  weeks  of  satellite  operation. 

The  batteries  were  maintained  in  the  minitrickle  charge  mode  until  the 
start  of  reconditioning  at  the  end  of  August  1977.  One  reconditioning 
cycle  was  performed  prior  to  the  first  eclipse  season.  Reconditioning 
discharge  capacities  are  presented  in  Table  2-3.  These  results  are  con¬ 
sidered  nominal  and  define  a  baseline.  After  reconditioning,  the  batteries' 
were  commanded  to  the  auto  charge  mode  until  the  first  eclipse  season  which 
began  on  5  September  1977.  Battjery  performance  was  nominal  and  batteries 
were  commanded  to  the  minitrickle  charge  mode  soon  after  the  eclipse  season 
ended.  The  Preseason  2  reconditioning  was  conducted  during  February  1978. 
The  batteries  were  reconditioned  twice  prior  to  the  start  of  the  second 
eclipse  season  on  3  March  78. 

Reconditioning  discharge  capacities  are  presented  in  Table  2-3.  The 
general  loss  of  capacity  during  the  second  reconditioning  discharge  is  a 
result  of  the  shallow  nature  of  the  discharge  imposed  by  the  manual  ter¬ 
mination  at  23  volts. 
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Figure  2-1.  DSCS  IT  12  Ah  Battery 


Table  2-1.  Satellite  9437  Chronology  Prior  to  the  Anomaly  Observation 


Date  (1977) 

Time  (Z) 

Event 

12  May 

1427:01.661 

Liftoff 

1558 

Telemetry  Acquisition 

2055:32.9 

Separation 

28  Aug 

1655-1710 

Start  Battery  Reconditioning,  Battery 

No.  1  ♦  Recondition  Discharge 

1  Sep 

2200-2215 

Complete  Battery  Reconditioning,  Battery 
No.  3  ♦  Mini  trickle  Charge  Mode 

5  Sep 

1655-1710 

Batteries  to  Auto  Charge  Mode 

21  Oct 

1650-1655 

Batteries  to  Mini  trickle  Charge  Mode 

Date  (1978) 

Time  (Z) 

Event 

5  Feb 

0100-0115 

Start  Battery  Reconditioning,  Battery  1 
to  Recondition  Discharge  Mode 

6  Feb 

0305-0605 

Battery  1  to  Trickle  Charge  Mode 

0800-0815 

Battery  1  to  Auto  Charge,  Battery  2  to 
Recondition  Discharge  Mode 

1255-1310 

Battery  1  to  Minitrickle  Charge  Mode 

7  Feb 

1100-1240 

Battery  2  to  Trickle  Charge  Mode 

1555-1610 

Battery  2  to  Auto  Charge  Mode,  Battery  3 
to  Recondition  Discharge  Mode 

2250-2325 

Battery  2  to  Minitrickle  Charge  Mode 

8  Feb 

1800-2100 

Battery  3  to  Trickle  Charge  Mode 

Battery  3  to  Auto  Charge  Mode 

Battery  3  to  Mini trickle  Charge  Mode 

24  Feb 

0000-0015 

Battery  1  to  Recondition  Discharge  Mode 

25  Feb 

0030-0200 

Battery  1  to  Trickle  Charge  Mode 

0615-0630 

Battery  1  to  Auto  Charge  Mode 

Battery  2  to  Recondition  Discharge  Mode 

25  Feb 

1015-1030 

Battery  1  to  Minitrickle  Charge  Mode 

26  Feb 

0610-0900 

Battery  2  to  Trickle  Charge  Mode 

O 
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Table  2-1.  Satellite  9437  Chronology  Prior  to  the  Anomaly  Observation 
(Continued) 


Date  (1978) 

Time  (Z) 

Event 

26  Feb 

1215-1230 

Battery  2  to  Auto  Charge  Mode 

Battery  3  to  Recondition  Discharge  Mode 

1630-1645 

Battery  2  to  Minitrickle  Charge  Mode 

27  Feb 

1200-1500 

Battery  3  to  Trickle  Charge  Mode 

1740-1750 

Battery  3  to  Auto  Charge  Mode 

» 

f 

2155-2205 

Battery  3  to  Mini  trickle  Charge  Mode 

|  2  Mar 

0450-0525 

Batteries  to  Auto  Charge  Mode 

|  17  Apr 

2115-2150 

Batteries  to  Mini trickle  Charge  Mode 

|  6  Aug 

2350-0005 

Battery  1  to  Recondition  Discharge  Mode 

j  7  Aug 

1825-1840 

Battery  1  to  Auto  Full  Charge  Mode 

7  Aug 

2240-2250 

Battery  1  to  Minitrickle  Charge  Mode 

8  Aug 

0715-0730 

Battery  2  to  Recondition  Discharge  Mode 

9  Aug 

0540-0550 

Battery  2  to  Trickle  Charge  Mode 

9  Aug 

0845-0855 

Battery  2  to  Auto  Full  Charge  Mode 

9  Aug 

1505-1540 

Battery  2  to  Minitrickle  Charge  Mode 
Battery  1  to  Recondition  Discharge  Mode 

9  Aug 

2230-2240 

Battery  3  to  Recondition  Discharge  Mode 

10  Aug 

1135-1140 

Battery  1  to  Trickle  Charge  Mode 

10  Aug 

1350-1400 

Battery  1  to  Auto  Full  Charge  Mode 

10  Aug 

1615-1915 

Battery  3  to  Trickle  Charge  Mode 

10  Aug 

1759 

Battery  1  to  Minitrickle  Charge  Mode 

10  Aug 

2200 

Battery  3  to  Auto  Full  Charge  Mode 

11  Aug 

0150-0200 

Battery  3  to  Minitrickle  Charge  Mode 

11  Aug 

2200 

Batteries  to  Trickle  Charge  Mode 

15  Aug 

9150-0200 

Battery  1  to  Recondition  Discharge  Mode 

16  Aug 

0210-0305 

Battery  1  to  Trickle  Charge  Mode 

16  Aug 

0640-0715 

Battery  1  to  Auto  Full  Charge  Mode 

16  Aug 

1220-1255 

Battery  1  to  Trickle  Charge  Mode 

23  Aug 

0005-0020 

Battery  2  to  Recondition  Discharge  Mode 

23  Aug 

0955-1010 

Battery  3  to  Recondition  Discharge  Mode  i 
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Table  2-1.  Satellite  9437  Chronology  Prior  to  the  Anomaly  Observation 
(Continued) 


Date  (1978) 

Time  (Z) 

Event 

24  Aug 

0115-0125 

Battery  2  to  Trickle  Charge  Mode 

24  Aug 

0605-0615 

Battery  2  to  Auto  Full  Charge  Mode 

24  Aug 

1035-1200 

Battery  3  to  Trickle  Charge  Mode 

Battery  2  to  Trickle  Charge  Mode 

24  Aug 

1410-1420 

Battery  3  to  Auto  Full  Charge  Mode 

24  Aug 

2000-2010 

Battery  3  to  Trickle  Charge  Mode 

1  Sep 

1050-1105 

Batteries  to  Auto  Charge  Mode 

2  Sep 

0450-0540 

Lunar  Eclipse  Monitor 

2  Sep 

1015-1145 

Lunar  Eclipse  Monitor 

3  Sep 

1605-1620 

Battery  3  Temperature  noted  at  88°F 

During  Auto  Trickle  Mode 

10  Sep 

2250 

27- hour  Battery  Monitor 

12  Sep 

0610-0615 

Battery  3  to  Trickle  Charge  Mode 

15  Sep 

0005 

12-hour  Eclipse  Load  Share  and  Recharge 
Monitor 

22  Sep 

1335 

Battery  2  Found  in  Minitrickle  Due  to 

95°F  Overtemp  Switch  Closure 

22  Sep 

1340-1350 

Battery  2  to  Trickle  Charge  Mode 

22  Sep 

1500-1510 

Begin  Manual  Control  of  Batteries  1  and  2 
During  Recharge  Cycle 
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Table  2-2.  Satellite  9438  Chronology  Prior  to  the  Anomaly  Observation 


Date  (1977) 

Time  (Z) 

t 

Event  | 

12  May 

1427:01  661 

Liftoff 

1558 

Telemetry  Acquisition 

2106:44.7 

Separation 

28  Aug 

1350-1405 

Start  Battery  Reconditioning,  Battery 

No.  1  ♦  Recondition  Discharge 

1  Sep 

1855-1910 

Complete  Battery  Reconditioning,  Battery 
No.  3  *  Mini  trickle  Charge  Mode 

4  Sep 

0345-0400 

Batteries  to  Auto  Charge  Mode 

22  Oct 

0310-0345 

Batteries  to  Minitrickle  Charge  Mode 

Date  (1978) 

Time  (Z) 

Event 

5  Feb 

0710-0730 

Start  Battery  Reconditioning,  Battery  1 
to  Recondition  Discharge 

6  Feb 

0800-1100 

Battery  1  to  Trickle  Charge  Mode 

1345-1400 

Battery  1  to  Auto  Charge  Mode 

Battery  2  to  Recondition  Discharge 

1835-1850 

Battery  1  to  Mini  trickle  Charge  Mode 

7  Feb 

1420-1510 

Battery  2  to  Trickle  Charge  Mode 

1815-1830 

Battery  2  to  Auto  Charge  Mode 

2015-2030 

Battery  3  to  Recondition  Discharge  Mode 

2245-2255 

Battery  2  to  Mini trickle  Charge  Mode 

2130-0030 

Battery  3  to  Trickle  Charge  Mode 

9  Feb 

0230-0245 

Battery  3  to  Auto  Charge  Mode 

Battery  3  to  Mini trickle  Charge  Mode 

24  Feb 

0535-0550 

Battery  1  to  Recondition  Discharge  Mode 

25  Feb 

0600-0900 

Battery  1  to  Trickle  Charge  Mode 

1105-1115 

Battery  1  to  Auto  Charge  Mode 

Battery  2  to  Recondition  Discharge  Mode 

1535-1545 

Battery  1  to  Minitrickle  Charge  Mode 

M2-021-80 
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(  Table  2-2.  Satellite  9438  Chronology  Prior  to  the  Anomaly  Observation 

(Continued) 


Date  (1978) 

Time  (Z) 

Event 

26  Feb 

0930-1300 

1545-1555 

2030-2040 

Battery  2  to  Trickle  Charge  Mode 

Battery  2  to  Auto  Charge  Mode 

Battery  3  to  Recondition  Discharge  Node 
Battery  2  to  Mini trickle  Charge  Mode 

27  Feb 

1545-1738 

2115-2225 

Battery  3  to  Trickle  Charge  Mode 

Battery  3  to  Auto  Charge  Mode 

28  Feb 

0150-0200 

Battery  3  to  Minitrickle  Charge  Mode 

2  Mar 

1250-1305 

Batteries  to  Auto  Charge  Mode 

18  Apr 

0440-0455 

Batteries  to  Minitrickle  Charge  Mode 

7  Aug 

1645-1700 

Battery  1  to  Recondition  Discharge  Mode 

8  Aug 

1450-1510 

Battery  1  to  Trickle  Charge  Mode 

8  Aug 

1645-1910 

Battery  1  to  Auto  Full  Charge  Mode 

8  Aug 

2200-2210 

Battery  1  to  Mini trickle  Charge  Mode 

8  Aug 

2245-2300 

Battery  2  to  Recondition  Discharge 

9  Aug 

1920-2020 

Battery  2  to  Trickle  Charge  Mode 

9  Aug 

2310 

Battery  2  to  Auto  Full  Charge  Mode 

10  Aug 

0300-0310 

Battery  2  to  Mini trickle  Charge  Mode 

10  Aug 

0600-0635 

Battery  3  to  Recondition  Discharge  Mode 

11  Aug 

0350-0400 

Battery  3  to  Trickle  Charge  Mode 

11  Aug 

0620-0920 

Battery  3  to  Auto  Full  Charge  Mode 

11  Aug 

1100-1230 

Battery  3  to  Mini trickle  Charge  Mode, 

*9  Spin  Axis  Maneuver,  NCA  Update 

11  Aug 

2320 

Batteries  to  Trickle  Charge  Mode 

25  Aug 

1435-1450 

Battery  1  to  Recondition  Discharge  Mode 

26  Aug 

0055-0130 

Battery  2  to  Recondition  Discharge  Mode 

26  Aug 

1405-1655 

Battery  1  to  Trickle  Charge  Mode 

26  Aug 

1910-1945 

Battery  1  to  Auto  Full  charge  Mode 

26  Aug 

2100-2115 

Battery  3  to  Recondition  Discharge  Node 
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Table  2-2.  Satellite  9438  Chronology  Prior  to  the  Anomaly  Observation 
(Continued) 


Date  (1978) 

Time  (Z) 

Event 

27  Aug 

0000-0030 

Battery  2  to  Trickle  Charge  Mode 

27  Aug 

0250-0300 

Battery  2  to  Auto  Full  Charge  Mode 

27  Aug 

0730-0740 

Battery  2  to  Trickle  Charge  Mode 

27  Aug 

2030-2230 

Battery  3  to  Trickle  Charge  Mode 

28  Aug 

0130-0140 

Battery  3  to  Auto  Full  Charge  Mode 

28  Aug 

0700-0710 

Battery  3  to  Trickle  Charge  Mode 

3  Sep 

1305-1320 

Batteries  to  Auto  Charge  Mode 

4  Sep 

0450 

Battery  3  Found  in  Minitrickle  Due  to 

90°F  Overtemp  switch  closure 

7  Sep 

1000 

50-Hour  Battery  Monitor 

9  Sep 

1820-1830 

Battery  3  to  Trickle  Charge  Mode 

15  Sep 

1140 

12-Hour  Eclipse  Load  Share  and  Recharge 
Monitor 

20  Sep 

1035-1045 

Battery  3  to  Recondition  Discharge  Mode 

21  Sep 

0035-0110 

Batteries  1  and  2  to  Minitrickle,  then 
Trickle  Charge  Mode 

21  Sep 

1100-1230 

Batteries  1  and  2  to  Auto  Charge  Mode 

21  Sep 

1345-1355 

Battery  3  to  Mini trickle  Charge  Mode 

21  Sep 

1940-0010 

Battery  3  to  Trickle,  then  Auto  Full 
Charge 

22  Sep 

1000-1810 

Batteries  to  Auto  Full  Charge 

23  Sep 

0530 

Battery  3  to  Minitrickle  Charge  Mode 

23  Sep 

1125-1140 

Begin  Manual  Control  of  Battery  1  and  2 
During  Recharge  Cycle 

M2 -021 -80 
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Table  2-3.  Reconditioning  Discharge  Capacities  (Ah) 


Satellite 

Battery 

Preseason  1 

Preseason  2 

Preseason  3 

9437 

1 

18.1 

17.3,  16.4 

9.0,  12.5,  15.2 

2 

18.2 

17.0,  16.4 

13.2,  15.6 

3 

N/A 

17.2,  16.4 

9.0,  15.1 

9438 

1 

17.6 

17.3,  16.3 

13.3,  15.7 

2 

17.5 

15.9,  16.6 

11.4,  14.0 

3 

17.5 

17.4,  16.6 

13.5,  15.2 

The  first  cycle  capacity  of  Battery  2,  Satellite  9438,  was  low  and 
suggests  that  cell  degradation  may  have  begun  during  the  first  eclipse 
season.  Battery  performance  during  the  second  eclipse  season  appeared  to 
be  normal. 

The  Preseason  3  reconditioning  was  conducted  during  the  early  part  of 
August  1978.  All  battery  capacities  were  low,  and  multiple  reconditionings 
were  run  in  an  effort  to  restore  the  lost  capacity.  Reconditioning  dis¬ 
charge  capacities  are  presented  in  Table  2-3.  Review  of  these  data  indi¬ 
cates  that  significant  degradation  had  occurred  during  the  second  eclipse 
season. 
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3.  ANOMALY  OBSERVATIONS 


( 

3.1  SATELLITE  9437 

3.1.1  State  of  the  Batteries  Prior  to  the  Anomaly  Observation 

Satellite  9437  batteries  Mere  reconditioned  in  early  August  in 
preparation  for  the  autumnal  equinox  season  (Season  3)  beginning  4 
September  1978.  The  batteries  all  exhibited  low  capacity  during  the  first 
reconditioning  discharge.  Multiple  cycles  were  run  in  an  attempt  to 
restore  capacity.  Reconditioning  discharge  data  are  presented  in  Table 
2*3.  These  data  suggest  that  significant  degradation  had  occurred  during 
the  second  eclipse  season. 

On  1  September  1978  the  three  battery  charge  controllers  were  placed 
in  the  auto  mode  in  preparation  for  the  lunar  eclipses  of  2  September  1978 
at  0457  Z  and  1023  Z.  They  were  left  in  the  auto  mode  in  anticipation  of 
the  start  of  the  equinox  eclipse  season  on  4  September  1978. 

3.1.2  Anomalous  Behavior 

(  The  first  observation  of  an  anomaly  occurred  on  3  September  1978 

during  a  monitoring  pass  at  1605  Z.  Battery  No.  3  voltage  was  low  and  its 
trickle  charge  current  and  temperature  high.  Voltage,  current,  and 
temperature  data  for  the  anomalous  1605  Z  pass  and  a  typical  prior  pass  at 
0615  Z  are  shown  in  Table  3-1. 

Table  3-1.  Initial  Battery  3  Anomaly  Observation 


0615  Z  Pass 

1605  Z 

Pass 

Battery 

Vol tage 

Current 

Temperatures 

Vol tage 

Current 

Temperatures 

No. 

(V) 

(A) 

(°F) 

(V) 

(A) 

(°F) 

1 

0.33 

81 

30.52 

mm 

82 

2 

0.36 

73 

30.67 

B9 

71 

3 

m 

0.31 

74 

29.44 

0.47 

88 

m 
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For  diagnostic  purposes,  the  satellite  was  monitored  continuously  for 
a  period  of  27  hours,  beginning  at  approximately  2253  Z  on  10  September. 

All  batteries  were  in  the  auto  change  mode.  This  period  included  a  satel¬ 
lite  eclipse.  Monitoring  observations  are  sumnarized  in  Figure  3-1. 

Several  further  indications  of  anomalous  behavior  were  seen  during 
this  monitoring  pass: 

a)  Although  the  three  batteries  were  under  automatic  control, 

(auto  mode)  a  severe  current  imbalance  occurred  during  dis¬ 
charge.  Battery  3  failed  to  carry  its  share  of  the  discharge 
load  current,  and  accepted  more  than  its  share  of  charging 
current. 

b)  Battery  3  temperatures  rose  more  rapidly  at  end-of-charge  than 
those  of  Batteries  1  and  2.  This  is  consistent  with  excessive 
charging  current. 

c)  The  sum  of  the  three  battery  discharge  telemetry  currents  did 
not  equal  the  main  bus  current  telemetry  data.  The  magnitude 
of  the  error  was  too  great  to  be  explained  by  tolerances  in  the 
current  sensors.  Subsequent  investigation  showed  that  the  high 
discharge  currents  carried  by  Battery  1  were  beyond  the  current 
sensor  design  range  and  that  the  apparent  anomaly  was  an  inter¬ 
pretation  error  only  (see  Appendix  2  for  details). 

d)  The  solid  state  temperature  switch  (SSTS),  which  is  designed  to 
operate  at  77°F,  appeared  to  be  operating  at  an  indicated 
temperature  of  80  to  81°  on  Battery  3,  and  79  to  80°F  on  Bat¬ 
tery  1.  This  was  found  to  be  due  to  temperature  gradients  in 
the  battery  rather  than  a  SSTS  malfunction. 

From  the  above  observations  it  was  concluded  that  Battery  3  was 
exhibiting  symptoms  which  could  lead  to  rapid  deterioration  due  to  over¬ 
temperature  operation,  and  on  12  September  78  it  was  switched  to  manual 
trickle  charge  at  0610  Z. 

An  additional  12-hour  monitoring  pass  on  15  September  1978  showed  that 
Batteries  1  and  2  were  sharing  the  loads  adequately  and  appeared  to  be 
normal  in  behavior.  This  normal  behavior  continued  through  21  September 
1978. 


On  22  September  1978,  a  routine  monitoring  pass  showed  the  Battery  2 
controls  to  be  in  the  minitrickle  state.  Indicating  that  at  some  time  prior 
to  the  observation  the  Battery  2  overtemperature  circuit,  designed  to 


Satellite  9437,  10  to  11  September  1978,  27-Hour 
Automonitor  Showing  Battery  3  Anomalous  Behavior 


operate  at  95QF,  had  been  activated.  Battery  2  was  subsequently  commanded 
to  manual  trickle  charge.  Observations  made  with  all  batteries  on  trickle 
charge  showed  that  Battery  2  was  exhibiting  symptoms  similar  to  those 
observed  on  Battery  3,  i.e.,  low  voltage  and  high  trickle  charging  current. 
The  temperature  of  Battery  2  was  low;  however,  this  was  judged  of  no 
significance,  since  the  battery  had  been  in  minitrickle  state  for  an 
unknown  period,  and  had  had  time  to  cool.  Comparative  data  for  21  September 
1978  and  22  September  1978  are  shown  in  Table  3-2. 


Table  3-2.  Battery  2  Anomaly  Showing  Voltage  Decrease  and 
Current  Increase  on  Trickle  Charge 


- 

21  September  (1830  Z)  Pass 

r— — — — — — 

22  Sep 

tember  (1335  Z)  Pass 

Battery 

Vol  tage 

Current 

Temperature 

Vol tage 

Current 

Temperature 

No. 

(V) 

(A) 

(°F) 

(V) 

(A) 

(°F) 

1 

30.11 

0.37 

80 

30.24 

0.37 

78 

2 

30.12 

0.39 

73 

29.17 

0.55 

59 

3* 

29.85 

0.43 

63 

29.99 

0.43 

61 

tc - * - - - ‘ 

Battery  3  data  reflects  a  prior  failure. 


Throughout  the  remainder  of  the  eclipse  season  the  batteries  were 
operated  as  follows: 

•  Battery  3  was  maintained  in  the  manual  trickle  charge  mode 

•  Batteries  1  and  2  were  in  auto  charge  during  eclipse  and  first 
recharge.  They  were  then  switched  to  manual  trickle  charge 
until  just  prior  to  the  next  eclipse. 

Severe  imbalances  in  battery  discharge  currents  continued,  as  shown  in 
Figure  3-2.  (Telemetry  data  falling  outside  the  current  sensor  design 
range  has  been  corrected.) 
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Post-eclipse  reconditioning  attempts  failed  to  restore  nominal  perfor¬ 
mance  of  Batteries  2  and  3.  After  placing  the  three  batteries  in  the  mini¬ 
trickle  state  for  the  solstice  season.  Batteries  2  and  3  continued  to 
exhibit  low  temperature  and  high  current  behavior  when  compared  with 
Battery  1. 

3.2  SATELLITE  9438 

3.2.1  State  of  the  Batteries  Prior  to  Anomaly  Observation 

Satellite  9438  batteries  were  reconditioned  in  early  August  in  prepar¬ 
ation  for  the  autumnal  equinox  season  (Season  3)  beginning  4  September 
1978.  The  batteries  all  exhibited  low  capacity  during  the  first  recondi¬ 
tioning  discharge.  Two  cycles  were  run  in  an  attempt  to  restore  capacity. 
Reconditioning  discharge  data  is  presented  in  Table  2-3.  These  data  indi¬ 
cate  that  significant  degradation  had  occurred  during  the  second  eclipse 
season. 

3.2.2  Anomalous  Behavior 

The  third  eclipse  season  began  on  4  September  1978.  The  batteries 
were  placed  in  the  auto  charge  mode  at  approximately  1350  Z  on  3  September 
1978.  During  a  routine  pass  at  0450  Z.  4  September  1978  prior  to  the  first 
eclipse  of  the  season.  Battery  3  was  found  to  be  in  minitrickle.  It  was 
concluded  that  in  the  intervening  period  the  95°F  overtemperature  circuit 
had  activated  and  had  automatically  switched  to  minitrickle. 

At  0818  Z,  the  battery  was  placed  in  manual  trickle  and  after  reaching 
a  temperature  of  53°F  in  auto  charge.  After  an  extended  period  of  trickle 
charging  on  4  September  1978,  battery  characteristics  were: 


Battery 

Vol tage 

Current 

Temperature 

(V) 

(A) 

(°F) 

1 

31.18 

0.15 

78 

2 

30.64 

0.29 

72 

3 

28.97 

0.55 

92 

Battery  3  was  placed  In  manual  trickle  at  this  time. 
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For  diagnostic  purposes  Satellite  9438  was  continuously  observed  for  a 
period  of  50  hours,  beginning  at  1000  Z  on  7  September  1978.  Figure  3-3  is 
an  excerpt  of  this  test  period,  showing  current  and  temperature  imbalances 
similar  to  those  observed  in  Satellite  9437. 

At  the  end  of  the  50-hour  monitor  period,  with  the  batteries  in  the 
trickle  charge  mode,  the  parameters  were  as  follows: 


Battery 

Voltage 

(V) 

i  Current 
j  (A) 

Temperature 

(°F) 

1 

30.23 

!  0.34 

77 

2 

29.95 

j  0.37 

83 

3 

29.11 

0.51 

83 

The  above  indicates  that  Batteries  1  and  2  are  almost  equivalent,  and 
that  Battery  3  is  degraded  or  has  a  shorted  cell. 

On  9  September  1978,  Battery  3  was  switched  to  trickle  charge.  On  15 
September  1978,  an  extended  monitoring  pass  (12  hours)  showed  that 
Batteries  1  and  2  were  sharing  the  loads  well,  but  that  high  overcharge 
currents  were  being  drawn.  These  were  sufficient  to  cause  the  main  bus  to 
fall  out  of  limiting  regulation  after  it  had  reached  this  point. 

On  20  -  21  September  1978,  Battery  3  was  subjected  to  a  reconditioning 
discharge  cycle.  During  reconditioning,  the  battery  capacity  was  a  normal 
14.8  ampere-hours.  No  discontinuities  were  observed  in  the  discharge 
curve.  However,  the  plateau  voltage  was  depressed  and  consistent  with  the 
presence  of  one  shorted  cell. 

After  recondition  termination.  Battery  3  was  switched  to  minitrickle 
until  Batteries  1  and  2  were  fully  charged.  The  three  batteries  were  then 
switched  to  trickle  charge  mode.  When  Battery  3  reached  a  voltage  of 
28.5  V,  and  a  temperature  of  48°F,  it  was  switched  to  the  auto  charge  mode 
and  allowed  to  recharge.  Bus  limiting  was  reached  in  3  hours.  Overcharge 
currents  as  high  as  4.5  amperes  were  observed,  followed  by  a  rapid 
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temperature  rise,  and  an  automatic  switch  to  trickle  charge.  Battery  3  was 
commanded  to  the  minitrickle  charge  mode  at  a  temperature  of  98°F. 

Batteries  1  and  2  load  shared  approximately  equally  while  Battery  3 
supported  a  much  smaller  part  of  the  load.  Load  sharing  at  eclipse  end  was 
approximately: 

Battery  1  =  40  percent  (auto- full) 

Battery  2  =  39  percent  (auto- full) 

Battery  3  =  21  percent  (auto  full) 

On  7  October  1978  attempts  were  made  to  recondition  Battery  3.  After 
two  cycles  the  third  recondition  discharge  characteristic  had  not  measur¬ 
ably  improved  (approximately  0.3  volt  rise  in  the  voltage  plateau).  Load 
sharing  tests  (in  auto-full)  after  the  reconditioning  also  showed  no 
significant  improvement: 

Battery  1  =  40  percent 

Battery  2  *  38  percent 

Battery  3  »  22  percent 

As  a  result,  starting  on  14  October  1978  and  for  the  remainder  of  the 
eclipse  season,  the  batteries  were  command-controlled  as  follows: 

•  Battery  3  was  maintained  in  the  manual  trickle  charge  mode 

t  Batteries  1  and  2  were  in  auto  charge  during  eclipse  and  first 
recharge.  They  were  then  switched  to  manual  trickle  charge 
until  just  prior  to  the  next  eclipse. 

On  17  October  1978,  the  batteries  were  put  in  the  manual  trickle 
charge  mode  for  the  last  two  days  of  the  season  eclipse  with  the  following 
load  sharing: 

Battery  1  *  38  percent 

Battery  2  ■  36  percent 

Battery  3  *  26  percent 
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Post-eclipse  season,  minitrickle  charge  battery  parameters  as  of 
7  November  1978  were  as  follows: 


Battery 

Voltage 

00 

Current 

(A) 

-  Temperature 
(°F) 

1 

30.36 

0.15 

57 

2 

30.23 

0.13 

53 

3 

29.80 

0.20 

55 

Figure  3-4  depicts  the  variation  of  end-of-ecl ipse  bus  voltage  during 
the  third  eclipse  season  of  Satellite  9438.  Other  than  the  discontinuities 
resulting  from  the  attempts  to  recondition  Battery  3,  it  appears  that  the 
minimum  bus  voltage  for  the  season  was  approximately  25.6  volts. 


(a)  aovnoA  sna  asdnoa  jo  qns 


3 


Figure  3-4.  Satellite  9438  Minimum  Bus  Voltage,  Eclipse  Season  Three  (September  1978) 


4.  ANOMALY  INVESTIGATIONS 


4.1  SCOPE 

An  extensive  series  of  investigations  was  conducted  to  determine  the 
causes  of  the  various  anomalies.  Thes  investigations  included:  ground 
test  simulations  using  flight-configuration  batteries,  component  level 
testing,  analyses  of  components  and  systems.  Copies  of  relevant  anomaly 
investigation  reports  are  included  in  the  appendices  and  referenced  in  the 
following  text. 

4.2  POSTULATED  CAUSES  OF  THE  ANOMALY 

Several  possible  causes  of  the  battery  anomalies  were  considered 
during  the  course  of  these  investigations: 

a)  Accelerated  degradation  of  battery  characteristics,  e.g., 
premature  cell  degradation  due  to  overstressing  during  charge 
and  overcharge. 

b)  Changed  cell  characteristics,  e.g.,  the  existence  of  a  cell 
voltage-charge  control  system  mismatch  causing  higher  than 
anticipated  charging  currents. 

c)  Anomalous  cell  quality,  e.g.,  a  cell  manufacturing  problem 
making  the  cells  used  in  these  batteries  more  susceptible  to 
early  failure  than  previous  cells. 

d)  Battery  charge  control  circuit  failures,  e.g.,  a  drift  in  the 
SSTS  .switching  temperature,  or  failure  of  the  SSTS  or  the  K1 
relay  to  switch. 

e)  A  deterioration  in  the  thermal  characteristics  of  the 
satellite/battery  causing  the  battery  overtemperature. 

Because  of  the  similarities  in  the  behavior  of  the  batteries  in 
Satellites  9437  and  9438,  a  single  Investigation  was  conducted. 

The  remainder  of  this  section  discusses  the  above  hypotheses  In  terms 
of  data  telemetered  from  the  satellites  and  data  acquired  during  ground 
test  investigations. 

These  analyses  provided  a  preponderance  of  evidence  Indicating  that 
cell  short  circuit  events  occurred  in  batteries  In  Satellites  9437  and 
9438.  The  evidence  In  support  of  this  conclusion  Is  discussed  In  Section 
4.3.1. 
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4.3  CELL  SHORT  CIRCUITS 


4.3.1  Evidence  in  Support  of  the  Existence  of  Short-Circuited  Cells 


Evidence  in  support  of  the  short  circuited  cell  hypothesis  is 
voluminous  and  includes: 


•  Flight  simulation  tests 

•  Flight  voltage  data 

•  SSTS  operating  temperature  offset  data 

•  Flight  current  imbalance  data 

These  areas  are  summarized  below  and  detailed  in  the  appendices 
referenced  in  each  summary. 


4. 3. 1.1 


jht  Simulation  Tests 


sendix 


A  laboratory  test  was  conducted  in  which  one  flight-configuration 
battery  was  subjected  to  a  simulation  of  cycling  conditions  observed  on 
Satellites  9437  and  9438  and  another  to  the  anticipated  conditions  of 
Satellites  9441  and  9442.  The  9437/9438  simulation  used  a  bus  voltage 
limit  of  32.4  V.  The  9441/9442  simulation  used  a  lower  voltage  limit  of 
31.8  V.  During  this  test.  Battery  S/N  3-6,  which  was  tested  under 
Satellite  9437/9438  conditions,  developed  a  permanently  short-circuited 
cell  during  Cycle  9  of  Season  3  (in-flight  failures  occurred  between  Cycles 
1  and  20  of  Season  3  in  Satellites  9437  and  9438).  It  was  also  observed 
that  permanent  cell  short-circuits  were  preceded  by  a  period  of  anomalous 
operation  and,  upon  occasion,  by  self-clearing  short  circuits.  The  onset 
of  a  short-circuit  is  clearly  seen  as  an  abrupt  drop  in  cell  voltage  to 
zero  volts,  and  is  confirmed  (in  centrally  located  cells)  by  a  rapid  rise 
in  temperature  of  the  RT2  thermistor  which  is  centrally  located  on  one  of 
the  two  cell  blocks  (see  Figure  2-1).  This  rapid  temperature  rise  results 
from  internal  heat  dissipation  due  to  self-discharge  of  the  shorted  cell 
through  the  Internal  short-circuit  (as  shown  in  Figures  4-1  and  4-2). 


4.3. 1.2  Voltage  Data  (Tables  3-1, 


3-3  and  3-5J 


Inspection  of  the  voltage  data  reveals  that  the  defective  battery 
voltages  are  lower  than  those  of  the  normal  batteries  by  slightly  less  than 
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the  voltage  of  one  cell.  The  charging  current  of  the  low-voltage  battery 
is  slightly  higher  than  that  of  the  normal -voltage  battery.  This  is  con¬ 
sistent  with  the  presence  of  a  short-circuited  cell  in  the  low-voltage 
battery.  The  higher  current  caused  by  the  lower  battery  voltage  increases 
the  voltage  drop  across  the  unfailed  cells  of  the  battery,  offsetting,  in 
part,  the  loss  of  the  one-cel 1-vol tage.  This  higher  current  is  also  con¬ 
sistent  with  the  depressed  voltages  observed  generally.  These  voltage 
losses  are  not  recoverable  by  reconditioning. 

4. 3. 1.3  SSTS  Operating  Temperature  Offset 

Further  confirmation  of  the  cell  short-circuit  hypothesis  is  found  in 
the  analysis  of  an  apparent  shift  in  the  operating  temperature  of  the  SSTS. 
Since  an  analysis  of  the  performance  of  the  SSTS  failed  to  find  an  explana¬ 
tion  of  the  observed  shift  in  operating  temperature,  it  was  hypothesized 
that  the  shift  might  be  due  to  a  temperature  gradient  in  the  battery 
between  the  points  at  whi ch  the  SSTS  and  the  telemetry  sensor  measure 
battery  temperature.  This  kind  of  temperature  gradient  will  not  occur  if 
the  heat  dissipation  in  the  two  cell  blocks  of  the  battery  is  symmetrically 
distributed.  If  the  following  assumptions  are  made,  such  a  temperature 
gradient  would  be  possible: 

a)  One  of  the  two  cell  blocks  is  assumed  to  contain  a  short- 
circuited  cell. 

b)  A  short-circuited  cell  dissipates  no  heat  either  on  charge  or 
discharge. 

c)  The  short-circuited  cell  is  located  in  the  vicinity  of  the  SSTS 
thermistor  where  it  acts  as  a  heat  sink,  preventing  the  SSTS 
sensor  from  heating  up  as  rapidly  as  the  corresponding  point  on 
the  other  cell  block,  where  the  telemetry  temperature  sensor  is 
mounted.  Under  these  circumstances,  the  SSTS  will  appear  to 
switch  at  an  indicated  temperature  higher  than  its  normal 
setting. 

d)  The  short-circuited  cell  is  located  on  the  other  cell  block  in 
the  vicinity  of  the  telemetry  thermistor,  acting  as  a  heat  sink 
to  keep  the  telemetry  temperature  sensor  cooler  than  the  SSTS 
sensor.  Under  these  clrctmstances  the  SSTS  will  appear  to 
switch  at  a  lower  than  normal  temperature. 

A  series  of  laboratory  tests  was  conducted  in  which  a  battery  con¬ 
taining  a  short-circuited  cell  was  charged  and  overcharged  at  varying 
rates,  so  as  to  produce  varying  rates  of  temperature  Increase.  Figure  4-3 


M2 -021-80 


4-5 


shows  a  plot  of  the  telemetry  temperature  indication  at  the  moment  of  SSTS 
switching  as  a  function  of  the  rate  of  temperature  change  for  several 
locations  of  short-circuited  cell  in  the  battery  package.  For  comparison 
purposes  a  similar  plot  for  Battery  3  of  Satellite  9438  is  also  shown. 

The  similarity  of  the  observed  satellite  phenomena  and  the  test 
results  is  evidence  in  favor  of  the  original  assumptions,  i.e. : 

a)  The  battery  contains  a  short-circuited  cell.  It  is  located  in 
the  cell  block  on  which  the  SSTS  is  mounted 

b)  The  short-circuited  cell  is  located  at  or  near  the  middle  of 
the  cell  block. 

4. 3. 1.4  Current  Imbalances 

Current  imbalances,  both  on  charge  and  on  discharge  are  consistent 
with  the  hypothesis  of  a  short-circuited  cell  in  one  or  more  batteries  of  a 
three-battery  system.  They  are  also  consistent  with  the  depressed  voltages 
observed  and  will  occur  to  some  degree  whenever  there  is  an  imbalance  in 
the  states  of  charge  of  three  undegraded  batteries. 

A  test  was  conducted  to  determine  the  effect  of  a  shorted  cell  in  one 
of  two  batteries  operating  in  parallel.  A  test  was  conducted  to  determine 
the  effect  of  a  shorted  cell  in  one  of  two  batteries  operating  in  parallel. 
Load  sharing  was  evaluated  for  configurations  in  which  the  one-cell  dis¬ 
crepancy  was  compensated  by  0,  1,  or  2  diodes.  Diode  compensation  modified 
load  sharing  in  a  straightforward  and  predictable  manner.  Using  2  diodes 
(0.5  -  0.6  volts  each)  to  compensate  for  the  single  cell  difference  (-1.2 
V)  resulted  in  an  average  load  sharing  of  51/49  percent  whereas  the  uncom¬ 
pensated  load  sharing  was  72/28  percent.  The  results  of  this  test  are 
reported  in  detail  in  Appendix  4. 

Because  only  two  parallel  batteries  were  used,  rather  than  three,  this 
test  must  be  considered  a  qualitative  confirmation  of  the  shorted  cell 
hypothesis. 

4.3.2  Causes  of  Battery  Cell  Short-Circuit  Failure 

Having  established  with  reasonable  certainty  that  the  observed  phe¬ 
nomena  were  a  result  of  the  occurrence  of  internal  short-circuits  in  one  or 
more  battery  cells,  an  effort  was  made  to  determine  the  causes  of  the 
short-circuits. 
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The  following  are  plausible  causes  of  a  high  short-circuit  incidence 
in  the  Satellite  9437/9438  batteries: 

a)  A  deterioration  of  the  quality  of  one  or  more  lots  of  cells  or 
internal  cell  components 

b)  A  change  in  the  cell  characteristics  or  in  the  characteristics 
of  the  charge  control  electronics  which  causes  excessive  over¬ 
charge  stresses  to  be  applied  to  the  cells  during  the  charging 
process. 

Several  parallel  investigations  are  currently  being  conducted, 
including  cell  and  battery  cycling  tests,  and  destructive  physical  analyses 
of  selected  cells.  These  tests  are  partially  complete  as  of  December  1979. 
Thus,  only  partial  results  are  reported  herein. 

In  summary,  an  examination  of  the  tests  which  have  been  conducted 
indicates  that  while  differences  in  cell  quality  from  lot  to  lot  have  been 
observed,  there  is  no  indication  of  a  connection  between  the  observed 
differences  and  a  tendency  toward  increased  frequency  of  occurrence  of 
short-circuited  cells. 

The  results  of  battery-level  cycling  tests,  on  the  other  hand,  suggest 
strongly  that  the  frequency  of  occurrence  of  short-circuits  is  a  direct 
function  of  the  degree  of  stress  applied  to  the  battery  cells  by  the  charge 
controls. 


4.3.2. 1  Battery-Level  Cycling  Tests 


aendix  31 


Comparative  tests  on  two  identical  batteries  show  that  a  reduction  in 
the  overcharge  voltage  (main  bus  voltage  limit)  reduces  the  rate  of 
failures. 

Twc  essentially  identical  flight-quality  batteries  (S/N  3-3  and  3-6) 
were  cycled  in  an  attempt  to  evaluate  the  effect  of  a  reduced  overcharge 
stress  <|n  the  rate  of  failure  of  the  cells. 

J  . 

S/N  3-6  was  cycled  in  as  close  as  possible  an  approximation  of  the 
actual  conditions  observed  in  the  Satellites  9437  and  9438  batteries.  Bus 
voltage  limit  was  set  at  32.4  volts  and  the  SSTS  at  77°F  (switch-to- 
trickle) . 


S/N  3-3  was  cycled  in  the  same  manner  except  that  the  bus  voltage 
limit  was  set  at  31.8  volts  and  the  SSTS  at  71®F  (switch-to-trickle). 
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Under  these  conditions  the  peak  overcharge  currents  drawn  by  S/N  3-3 
were  less  than  one  third  those  drawn  by  S/N  3-6.  Both  batteries  displayed 
a  trend  toward  increasing  peak  overcharge  currents  in  successive  eclipse 
seasons. 

The  results  of  these  cycling  tests  show  that  S/N  3-3  has  shown  no 
anomalous  behavior  for  six  successive  eclipse  seasons. 

S/N  3-6  has  shown  two  cell  short-circuits  occurring  in  the  third 
season,  one  of  which  remained  permanent,  and  one  of  which  apparently 
cleared  itself.  Two  additional  cells  exhibited  symptoms  which  appeared  to 
be  precursors  of  a  short-circuit.  These  preshort  symptoms  are  a  downward 
shift  of  the  cell  voltage  from  the  average  population  level,  an  irregu¬ 
larity  in  the  cell  voltage  waveform  in  the  initial  stages  of  charge,  and  a 
low  ramp  rise  in  voltage  during  the  overcharge  pulses  (see  Figure  4-4), 
instead  of  the  normal  rapid  exponential  rise.  One  of  these  cells  failed  14 
days  later.  It  is  not  clear  at  this  time  whether  or  not  this  symptom 
occurs  generally,  nor  has  a  method  of  detecting  it  in  space  been  devised. 

Actual  short-circuits  showed  two  clear-cut  symptoms:  a  sudden  fall  off 
in  cell  (and  battery)  voltage,  and  a  rapid  rise  in  temperature  of  the 
battery  temperature  sensor  (if  any)  nearest  the  shorted  cell.  This  latter 
effect  was  caused  by  the  internal  heat  dissipation  occurring  as  the  cell 
discharged  rapidly  through  its  internal  short-circuit. 

After  completion  of  the  third  season,  the  four  defective  cells  were 
removed  from  Battery  S/N  3-6  and  replaced  with  new  cells.  The  test  was 
modified  to  assess  the  practicability  of  recharging  the  battery  on  trickle 
charge,  and  the  extent  to  which  cell  damage  continues  to  appear  after  a 
more  benign  charging  mode  is  used  on  an  already  Overstressed  battery. 

Results  obtained  during  Seasons  4  to  6  are  presented  in  Appendix  3. 

Two  additional  cell  anomalies  were  observed  during  Battery  S/N  3-6, 
Season  5  operation.  However,  in  both  instances  the  cells  exhibited 
preshort  signatures  during  Season  3.  The  presence  of  the  signature  rior 
to  the  change  in  charge  mode  is  interpreted  as  evidence  that  the  damage  had 
occurred  before  the  switch  to  the  more  benign  trickle  charge  mode.  There 
are  no  indications  of  anomalies  initiated  subsequent  to  the  switch  to 
trickle  charge. 
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Figure  4-4.  Battery  S/N  3-6  -  Preshort  Signature  -  Cells  15  and  16 


The  clear  disparity  between  S/N  3-6  and  S/N  3-3  test  results  indicates 
a  direct  relationship  between  overcharge  stress  and  failure  incidence. 

4. 3. 2. 2  Cell -Level  Pulse  Overcharge  Tests 

Two  sets  of  pulse  overcharge  tests  were  performed  at  different  levels 
of  overcharge  current  and  time. 

Test  A  -  Overcharge  at  C/6  for  0.333  hour 

Trickle  charge  at  C/100  for  0.667  hour 

Total  input:  0.81  ampere-hour 

Test  B  -  Overcharge  at  C/3. K  for  0.5  hour 
Open  circuit  for  0.5  hour 

Total  input:  2.0  ampere-hours 

Results  of  these  pulse  overcharge  tests  are: 

Test  A  -  After  1500  pulses,  no  indication  of  cell  damage  or 
anomalous  behavior  was  seen 

Test  B  -  After  1760  cycles,  one  cell  short-circuit  was  found.  The 
test  was  continued  to  2760  cycles,  without  additional 
fail  ures 

No  significant  conclusions  could  be  drawn  from  these  tests  regarding 
response  to  the  relative  severity  of  the  test  conditions.  The  failed  cell 
has  been  subjected  to  destructive  analysis.  DPA  procedures  and  results  are 
reported  in  Appendix  5. 

4.4  VARIATIONS  IN  CELL  CHARACTERISTICS 

4.4.1  Gulton  versus  General  Electric  Cells 

The  possibility  exists  that  changes  in  cell  characteristics  from 
earlier  to  later  spacecraft  batteries  may  have  contributed  to  the 
development  of  high  overcharge  currents  and  consequent  excessive  stresses 
in  the  cells. 

The  battery  cells  in  use  at  the  time  the  system  was  designed  were 
manufactured  by  Gulton  Industries,  using  electrodes  manufactured  by  SAFT, 
France.  The  cells  used  in  Satellites  9437  and  9438  were  manufactured 
entirely  by  the  General  Electric  Co.  Figure  4-5  shows  steady-state 
overcharge  characteristics  for  Gulton  cells  manufactured  during  a  period 
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Figure  4-5.  Overcharge  Voltage  versus  Overcharge  Current 
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approximately  corresponding  to  the  subsystem  design  and  for  General 
Electric  cells  manufactured  during  a  period  approximately  corresponding  to 
the  purchase  of  Satellite  9437  and  9438  cells. 

The  difference  between  the  Gulton  and  General  Electric  data  (Figure 
4-5)  indicates  that  the  General  Electric  cells  will  draw  higher  steady- 
state  overcharge  currents.  The  observation  that  Satellites  9437  and  9438 
exhibited  higher  overcharge  currents  than  previous  satellites  (containing 
Gulton  cells)  is  consistent  with  the  data. 

However,  determination  of  a  specific  cause  is  complicated  by  several 
factors: 

a)  Peak  overcharge  currents  during  battery  charge  and  overcharge 
pulses  are  transient  phenomena;  their  relationship  to  the 
steady  state  overcharge  current  is  not  well  defined. 

b)  Differences  in  operating  temperatures  of  the  batteries  of 
earlier  satellites  from  those  of  Satellites  9437  and  9438 
resulted  in  colder  operation  of  the  earlier  batteries,  and 
therefore  lower  peak  overcharge  currents. 

The  final  result  of  the  above  analysis  is  that  the  primary  cause  of 
the  higher  overcharge  current  is  not  definitely  known,  if  it  is  indeed 
higher.  A  combination  of  one  or  more  of  the  following  causes  may  be 
responsible. 

a)  A  change  from  the  Gulton  to  the  General  Electric  cell  without  a 
corresponding  change  in  the  main  bus  limit  and  other  charge 
control  paramters 

b)  Higher  battery  operating  temperatures  in  Satellites  9437  and 
9438. 

Destructive  Physical  Analysis  (DPA)  (Appendix  5) 

The  possibility  was  considered  that  a  change  might  have  occurred  in 
the  quality  or  structure  of  the  electrode  which  might  make  it  susceptible 
to  short-circuiting.  Two  types  of  tests  were  performed: 

•  Destructive  physical  analysis  (DPA)  of  electrodes  selected  from 
various  cell  lots  was  performed  after  long-term  storage 

•  DPA  of  electrodes  selected  from  various  cell  lots  was  performed 
after  the  cells  were  cycled. 
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DPA  studies  presently  in  progress  suggest  that  the  primary  cause  of 
the  cell  short-circuits  may  be  related  to  penetration  of  the  separator  by 
dendrite-like  masses  of  negative  plate  material. 

4. 4. 2.1  DPA  After  Long-Term  Storage 

Several  cell  lots  (including  Lot  1,  from  which  the  anomalous  Satellite 
9437/9438  batteries  were  made)  were  subjected  to  destructive  physical 
analysis.  A  number  of  observable  features  were  found,  including  raised 
black  spots,  black  outcroppings ,  disruptions  in  the  sintered  surface,  and 
bumps.  Lot  No.  1  showed  a  higher  than  usual  incidence  of  raised  black 
spots . 

While  any  or  all  of  the  described  features  could  conceivably  cause  a 
predisposition  to  short-circuiting,  there  is  as  yet  no  evidence  of  such  a 
causal  relationship. 

4.4.2. 2  DPA  After  Cycling  of  Electrodes 

Electrodes  from  different  cell  lots  were  assembled  into  experimental 
packages  and  cycled  under  a  variety  of  conditions.  The  electrodes  were 
examined  after  cycling  to  determine  the  degree  of  deterioration.  Results 
are  summarized  in  Table  4-1. 

Lot  1,  which  was  used  in  the  Satellites  9437/9438  batteries,  showed  a 
greater  degree  of  blistering  (separation  of  layers  of  the  sintered  elec¬ 
trode  from  the  main  electrode  mass)  than  did  other  lots,  which  suggests 
that  a  weakness  in  the  structure  of  the  sinter  may  have  contributed  to  the 
short-circuiting. 

However,  the  conditions  of  the  tests  were  different  from  actual  cell 
operating  conditions  and  it  is  not  possible  at  present  to  correlate  cell 
performance  and  test  results. 

Differences  between  test  and  cell’conditlons  are  as  follows: 

a)  The  test  electrodes  are  completely  submerged  in  electrolyte, 
whereas  cells  are  operated  with  very  small  amounts  of  free 

,  electrolyte 

b)  In  actual  use  electrodes  are  restrained  under  compression 

,  within  the  cell,  whereas  In  the  tests,  the  electrodes  are 

totally  unrestrained. 
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Table  4-1.  Overcharge  Testing  of  Positive  Plates  (Visual  Results) 
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Experience  gained  with  similar  tests  indicates  that  the  blistering 
observed  in  these  tests  is  rarely  seen  in  normal  operating  cells  after 
cycling  under  similar  electrical  test  conditions. 

4.4. 2.3  DPA  of  a  Shorted  Cell 

In  an  attempt  to  determine  the  mechanism  by  which  short-circuits 
occur,  one  cell  which  had  short-circuited  in  the  course  of  high-stress 
pulse-overcharge  testing  was  examined  by  means  of  a  new  dissection  method. 
It  was  hoped  that  this  method  would  provide  additional  insight  into  the 
shorting  process. 

The  examination  was  unable  to  isolate  the  source  of  the  original 
short-circuit,  which  had  burned  clear  at  the  time  of  the  short.  The  per¬ 
manent  short-circuit  found  at  the  time  of  the  examination  is  believed  to 
have  occurred  by  the  following  process: 

a)  A  short-circuit  occurred  at  or  near  the  center  of  the  electrode 
stack 

b)  The  cell  discharged  through  the  short-circuit,  releasing  its 
stored  energy  in  a  small  area  at  the  short-circuit,  creating 
very  high  temperatures  at  this  point 

c)  The  original  short-circuit  burned  clear 

d)  The  high  temperatures  penetrated  the  electrodes,  destroying  the 
separators  between  the  short-circuited  electrodes  and  others 
adjacent  to  them  in  the  cell  stack,  damaging  the  opposing  faces 
of  the  electrodes 

e)  A  second  short-circuit  occurred  between  one  of  the  original 
short-circuited  electrodes  and  an  opposing  polarity  electrode 
at  the  electrode  surface  opposite  to  that  at  which  the  original 
short-circuit  occurred 

f)  Insufficient  energy  was  left  in  the  cell  to  burn  the  second 
short-circuit  clear,  and  it  remained. 

4.5  INVESTIGATIONS  RESULTING  IN  THE  ELIMINATION  OF  OTHER  PLAUSIBLE  CAUSES 

OF  FAILURE 

Prior  to  fixing  upon  the  presence  of  short-circuited  cells  in  the 
batteries,  other  hypotheses  were  sought  as  plausible  explanations  of  the 
observed  phenomena.  Among  these  were: 

a)  A  possible  failure  of  the  thermal  control  system  to  maintain 
battery  temperatures 
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b)  A  failure  of  the  charge  controls  to  switch  to  trickle  charge  at 
the  proper  temperature ,  due  either  to  failure  of  the  SSTS  or 
the  K1  relay  control  circuit 

c)  A  failure  of  the  heater  switch  to  control  battery  temperature 
properly. 

Investigations  of  each  of  the  above  possible  causes  were  conducted 
with  negative  results.  In  each  case  the  observed  phenomena  were  not 
explainable  in  terms  of  a  credible  failure  mechanism. 

4.5.1  Thermal  Characteristics 

The  possibility  of  deterioration  in  the  thermal  characteristics  of  the 
spacecraft  was  examined.  No  descernible  variation  in  temperature  other 
than  batteries  was  observed.  A  detailed  analysis,  the  results  of  which  are 
reported  in  Appendix  7,  led  to  the  conclusion  that  no  such  thermal 
deterioration  occurred.  An  analysis  was  also  performed  to  determine  the 
impact  of  increasing  the  radiator  area  of  Battery  3  to  reduce  its 
temperature.  This  was  temporarily  abandoned  when  other  battery  short- 
circuits  were  observed. 

4.5.2  Charge  Control  Failure 

The  possibility  that  a  defective  SSTS  might  have  failed  to  open  the  K1 
relay,  or  that  a  drift  in  SSTS  operating  temperature  might  have  delayed 
operation  of  the  KI  relay  was  considered.  Several  investigations  were 
performed. 

A  complete  failure  modes  and  effects  analysis  was  conducted  on  the 
SSTS,  and  may  be  found  in  Appendix  6.  The  result  of  this  analysis  was  that 
there  was  no  credible  component  failure  or  degradation  mode  which  could 
reproduce  the  observed  combination  of  the  phenomena.  A  review  was  con¬ 
ducted  of  orbital  data,  which  failed  to  find  any  instance  of  failure  of  the 
Kl  relays  to  cycle. 

4.5.3  Battery  Heater  Switch  Operation 

Analysis  of  the  heater  switch  operation  revealed  that  the  apparently 
anomalous  switching  temperatures  represent  "normal"  switch  behavior  given 
the  thermal  gradients  across  and  within  the  battery  during  the  period  of 
anomalous  performance. 


•  ■  •  (•  • 


>•*  > 


The  battery  heater  thermostats  are  snap-action  switches  actuated  by  a 
temperature- sensitive,  bi-metallic  disc.  Anomalous  heating  and  cooling 
rates  can  cause  the  thermostatic  switch  to  close  electrically  but  not  snap 
mechanically  into  the  closed  position.  The  absence  of  the  snap-action  can 
result  in  a  return  to  the  previous  position  at  a  temperature  different  than 
anticipated.  This  behavior  represents  the  response  of  a  normal  switch  to 
an  unanticipated  thermal  pattern. 

Thus,  the  apparent  shifts  in  the  temperature  settings  are  problems  of 
interpretation  of  telemetry  data  and  not  thermal  switch  malfunction. 
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5.  CORRECTIVE  ACTION 


5.1  SATELLITES  9437  AND  9438 

Corrective  action  for  Satellites  9437  and  9438  has  taken  the  form  of 
ground  conmand  control  of  the  battery  charge  and  discharge  functions  so  as 
to  minimize  the  stresses  imposed  upon  the  batteries. 

5.1.1  Control  of  Load  Sharing 

The  design  of  the  power  system  permits  the  batteries  to  be  discharged 
through  three  paths: 

•  A  direct  connection  to  the  main  power  distribution  bus  (direct 
discharge) 

•  connection  to  the  bus  through  a  single  diode  (trickle  charge 
mode) 

•  connection  to  the  bus  through  two  series-connected  diodes 
(minitrickle  mode) 

Where  one  or  more  of  the  batteries  has  a  shorted  cell,  and  conse¬ 
quently  a  lower  discharge  voltage,  it  is  possible  to  balance  the  load 
sharing  by  connecting  the  defective  battery  directly  to  the  distribution 
bus,  and  the  higher  voltage  good  battery  to  the  bus  through  one  or  two 
series-connected  diodes.  Under  most  circumstances  this  is  sufficient  to 
bring  the  system  into  satisfactory  load-current  balance. 

Further  control  of  the  load  sharing  may  be  achieved  by  time-sharing 
the  discharge,  i.e.,  by  allowing  a  battery  to  discharge  at  high  rate 
directly  to  the  bus  for  a  period  of  time  less  than  the  total  eclipse 
period,  and  then  reducing  its  contribution  by  switching  it  to  minitrickle, 
thereby  forcing  it  to  discharge  through  two  diodes. 

5.1.Z  Control  of  Recharge  Fraction  and  Recharge  Rate 

Several  methods  are  available  for  the  control  of  recharge  fraction  and 
recharge  rate: 

a)  Switch  the  battery  to  full  charge  and  monitor  until  a  rise  In 
battery  temperature  signals  that  the  end-of-charge  is  approach¬ 
ing;  switch  to  trickle  charge 


b)  Switch  the  battery  to  full  charge  and  integrate  the  charge 
current  input  until  the  ampere-hour  input  equals  from  108 
percent  to  115  percent  of  the  ampere-hour  output  on  the  prior 
discharge;  switch  to  trickle  charge. 

c)  Command  the  bus  to  the  high  voltage  limit  of  33.4  volts  and 
allow  the  battery  to  charge  at  the  trickle  rate  determined  by 
this  bus  voltage  and  the  trickle  charging  resistance. 

Of  the  three  methods  of  recharge  control.  Method  b  is  the  least 
attractive,  since  it  requires  monitoring  of  the  satellite  during  the  entire 
charge  period,  so  that  the  current  can  be  integrated.  Method  a  permits 
computation  of  the  estimated  time  at  which  the  batteries  will  return  to  the 
full-charge  level,  at  which  point  a  monitoring  pass  can  be  scheduled. 
However,  since  the  batteries  are  imbalanced  in  discharge  and  charge  rates, 
the  three  batteries  will  not  reach  full  charge  at  the  same  time,  and  the 
length  of  the  monitoring  pass  is  extended,  although  shorter  than  that  of 
Method  b. 

Method  c  requires  no  monitoring  of  recharge  at  all,  but  presents  the 
risk  that  the  batteries  may  not  return  to  the  fully  charged  state  at  the 
end  of  each  daylight  period  of  the  eclipse  season.  However,  it  is  possible 
to  detect  this  by  a  fall  in  end-of-discharge  voltage,  and  to  restore  full 
charge  by  reverting  to  Method  a  or  Method  b  for  a  single  orbit.  In 
practice,  however.  Method  c  has  provided  adequate  charge  and  it  has  not 
been  found  necessary  to  revert  to  Method  a  or  b. 

All  of  the  above  methods  of  load  sharing  and  charging  contorls  have 
been  used  at  times  in  the  latter  part  of  Season  3,  and  in  Season  4,  as  well 
as  during  a  unar  eclipse.  Method  c  is  now  being  used  routinely  in  most 
eclipse  orbits. 

5.2  SATELLITES  9441  AND  9442 

The  "normal"  main  bus  voltage  limit  was  changed  from  32.4  + 0.2  Vdc  to 
31.8+0.2  Vdc.  This  was  accomplished  by  readjusting  three  potentiometers 
in  each  power  control  unit  (PCU)  accessible  from  outside  the  PCU.  It  was 
not  necessary  to  open  the  PCU.  After  this  was  done,  the  "high"  main  bus 
voltage  correspondingly  changed  from  33.4  +0.2  Vdc  to  32.8  +0.2  Vdc.  This 
change  reduced  the  overcharge  current  into  the  battery  by  reducing  the 
applied  voltage. 
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The  battery  solid  state  thermal  switch  (SSTS)  full/trickle  switch 
points  were  changed  from  70/77  to  64/71°F.  This  requires  readjusting  one 
potentiometer  on  each  battery  SSTS  assembly,  accessible  without  disassembly 
of  the  battery.  This  change  reduces  the  duration  and  peak  level  of  the 
overcharge  current  and  consequent  overcharge  stress. 

The  radiator  area  under  Battery  3  was  increased  from  90  square  inches 
to  108  square  inches.  This  provides  the  same  radiating  area  as  Batteries  1 
and  2.  This  was  accomplished  by  peeling  back  a  controlled  amount  of 
thermal  blanket  insulation.  This  change  also  reduces  battery  operating 
temperature  and,  consequently,  overcharge  current  and  stress.  Because  of 
the  difference  in  internal  heat  flow  to  Battery  3  (as  compared  with 
Batteries  1  and  2),  Battery  3  tends  to  operate  cooler  than  either  Battery  1 
or  2  during  the  solstice  season. 

5.3  SATELLITE  9443  AfC  ALL  SUBSEQUENT  SPACECRAFT 

In  this  version  of  corrective  action,  the  charge  control  circuitry  has 
been  redesigned  to  permit  the  use  of  charging  modes  more  compatible  with 
the  General  Electric  cells.  The  new  circuits  provide  greater  flexibility 
of  operation,  including  the  capability  to  charge  the  batteries  without 
excessive  stressing  of  the  cells  in  spite  of  the  existence  of  a  shorted 
cell.  The  following  changes  were  made: 

a)  The  lower  commandable  bus  voltage  limit  was  reduced  from  32.4 
to  31.6  V 

b)  The  upper  commandable  voltage  limit  was  raised  from  33.4  to 
33.8  V 

c)  A  3.1  ohm  resistance  was  inserted  into  the  full  charge  path  of 
the  charge  control  circuit,  with  the  capability  of  being 
bypassed  by  command  if  desired 

d)  The  trickle  charge  resistor  was  increased  form  7  to  20  ohms 

e)  The  minitrickle  resistor  was  eliminated.  If  the  battery 
reaches  the  95°F  disconnect  temperature,  it  is  disconnected 
from  the  charging  line  altogether,  although  it  may  still  be 
discharged  through  two  series-connected  diodes 

f)  The  SSTS  operating  temperature  was  reduced  from  77  to  71°F 

g)  The  Battery  3  radiator  mirror  area  was  increased  from  90  to  108 
square  inches. 
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Figure  5-1  is  a  block  diagram  of  the  revised  charge  control  circuit, 
which  provides  a  greater  degree  of  flexibility  than  does  the  original 
charge  control.  Three  charging  modes  are  now  available: 


•  Direct  charge  from  the  main  bus 

•  Charge  through  a  3.1  ohm  current-limiting  resistor 

•  Charge  through  a  20  ohm  minitrickle  charging  resistor. 

Each  of  these  charging  modes  may  be  used  either  with  the  low  bus 
voltage  of  31.6  V  or  with  the  high  bus  voltage  of  33.8  V. 


The  resistance  values  and  voltages  were  selected  as  a  result  of  a 
detailed  boundary  conditions  analysis,  in  which  the  effects  of  bus  voltage, 
current,  resistance,  battery  voltage  and  temperature  were  studied  paramet- 


The  direct  connection  relay  (K5)  has  been  included  in  the  change  to 
provide  additional  flexibility  in  meeting  unusual  conditions  which  could 
occur  during  a  satellite  mission.  The  additional  capability  and  flexi¬ 
bility  provided  by  the  K5  relay  are  as  follows: 

a)  Rapid  recharge  capability  before  and/or  after  a  lunar  eclipse 
which  occurs  between  two  successive  earth  eclipses 

b)  More  effective  management  of  discharge  load  sharing  with 
unequal  batteries  by  providing  a  selectable  direct  connection 
path  to  the  main  bus 

c)  Effective  use  of  the  low  bus  voltage  setting  to  accomplish 
recharge  of  batteries  if  overall  system  considerations  required 
operation  of  the  satellite  at  the  low  bus  voltage  setting 

d)  Increased  ability  to  acconmodate  unexpected  long  term  increases 
in  battery  voltage. 

To  make  use  of  these  capabilities,  a  lower  bus  voltage  must  be 
selected  which  is  compatible  with  a  direct  connection  between  the  battery 
and  the  main  bus  during  charging  and  overcharging  periods.  This  bus 
voltage  has  been  selected  to  be  in  an  acceptable  overcharge  operating 
region  for  a  22-cell  battery  with  K5  closed,  although  it  results  in  a 
smaller  recharge  taper  current  at  end-of-mission,  the  acceptability  of 
which  has  not  been  fully  demonstrated  by  long-term  operation.  The  selected 
value  of  31.6  V  also  provides  acceptable  overcharge  control  of  a  battery 
with  a  shorted  cell  with  K5  relay  open. 

One  additional  factor  which  influenced  this  selection  was  the  power 
budget  situation  for  end-of-mission  winter  solstice.  The  solar  array 
margin  under  worst  case  predictions  for  winter  solstice  is  approximately 
10  watts  for  a  33.8  V  bus.  The  existence  of  the  commandable  bus  voltage  of 

31.6  V  allows  the  margin  to  be  increased  to  approximately  35  watts  to 
accommodate  limited  load  faults  which  may  have  occurred  during  the  5  year 
mission.  Maintenance  of  the  batteries  under  these  conditions  could  be 
accomplished  by  selected  periods  of  auto  mode  charging  during  the  period 
when  the  bus  is  at  the  low  value.  In  sunmer  solstice  high  bus  operation  is 
preferable  since  this  is  the  point  when  the  solar  array  output  is  maximum. 

The  SSTS  switch-to-trickle  temperature  has  been  reduced  to  71°F  in 
order  to  limit  overcharge  currents  in  the  battery  to  below  the  desired 

1.6  amps. 
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The  thermal  radiator  under  Battery  3  has  been  increased  in  size  to  108 
square  inches  to  equalize  the  heat  rejection  capability  for  all  three 
batteries.  Table  5-1  shows  the  Flight  13-16  battery  heat  rejection 
capability  during  equinox  season. 

Table  5-1.  Battery  Heat  Rejection  Capability 


I 

Predicted  Heat  Rejection  Capability  (Watts)  I 


Battery 

Nn 

Beginning-of-Mission 

End-of-Mission 

j 

50  °F 

70  °F 

90°F 

50  °F 

70°F 

90  °F 

A 

2.5 

12.4 

23.0 

0.7 

10.6 

21.3 

1  B 

4.0 

13.2 

23.1 

2.4 

11.6 

21.5 

C 

3.0 

13.0 

23.9 

1.2 

11.2 

1  22.1 

M2 -021 -80 


5-6 


I 


APPENDIX  1 

POWER  SUBSYSTEM  DESIGN  DESCRIPTION 
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1.  POWER  SUBSYSTEM 


This  section  provides  tutorial  material  necessary  for  a  clear 
understanding  of  the  operation  of  the  electric  power  subsystem  and  its 
interactions  with  other  subsystems  and  its  environment.  It  is  intended  for 
use  by  those  previously  unfamiliar  with  the  OSCS  II  power  subsystem. 

The  DSCS  II  power  subsystem  is  of  the  unregulated  bus  direct  energy 
transfer  (DET)  type,  delivering  power  directly  from  illuminated  solar 
arrays  to  the  load  without  intervening  loss  elements  other  than 
distribution  cabling.  Figure  Al-1  shows  a  simplified  functional  block 
diagram  of  the  power  subsystem. 

Of  the  total  power  delivered  by  the  solar  array,  part  is  accepted  by 
the  loads,  and  the  remainder  is  available  for  battery  charging  through  the 
battery  controls.  If  the  power  delivered  by  the  solar  array  exceeds  that 
which  can  be  used  by  both  the  loads  and  the  charging  batteries  (as 
evidenced  by  a  rise  in  bus  voltage  above  a  preset  limit),  the  bus  voltage 
limiting  circuitry  turns  on  the  shunt,  and  varies  its  conductivity  to 
maintain  the  bus  voltage  at  the  limiting  value.  If  the  bus  voltage  falls 
below  the  limiting  value,  the  shunt  is  turned  off. 

If.  at  any  time,  the  load  power  demand  exceeds  the  output  power  of  the 
solar  array  (due  either  to  a  load  increase  or  to  eclipsing  of  the 
spacecraft),  the  battery  controls  reconfigure  the  power  subsystem  for 
battery  discharge,  and  the  loads  are  supplied  by  the  batteries  or  are 
shared  between  the  batteries  and  solar  array. 
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Figure  Al-1.  Primary  Power 
Block  Diagram 
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2.  BATTERY 


2.1  DESCRIPTION 

Three  12  Ah  sealed  cell  nickel -cadmium  batteries  are  connected  in 
parallel  to  the  primary  bus  through  independent  control  circuits.  They 
provide  power  to  the  electrical  loads  when  the  loads  exceed  solar  array 
output  capability,  during  launch,  prior  to  separation  and  spinup,  and 
during  earth  and  lunar  eclipses.  They  also  assist  in  smoothing  distri¬ 
bution  bus  transients. 

Each  battery  assembly  consists  of  the  following  major  components  shown 
in  Figure  Al-2. 

a)  Twenty-two  series-connected  cells  in  an  aluminum  restraining 
structure. 

b)  A  solid-state  temperature  switch  (SSTS)  which  provides  a  two- 
state  output  signal  to  the  power  control  unit  (PCU).  This  is 
used  as  the  primary  battery  charge  control  sensor. 

c)  Two  parallel  mechanical  thermal  switches  which  provide  a  backup 
control  signal  to  the  PCU  in  the  event  of  battery  over¬ 
temperature.  If  the  battery  temperature  exceeds  95  +3°F,  the 
K2  relay  opens,  placing  the  battery  in  a  minitrickle  charge 
mode  which  allows  it  to  cool  to  normal  levels. 

d)  Heater  strips,  rated  at  98  ohms,  are  mounted  in  the  battery 
baseplates  and  are  controlled  by  two-series  connected  mechani¬ 
cal  thermal  switches  set  to  turn  the  heaters  on  at  42  +3°F, 
and  off  at  52  ^3°F.  The  heaters  operate  at  slightly  over 

10  watts  at  th?  bus  voltage  limit  of  32.4  V. 

2.2  BATTERY  HEAT  DISSIPATION  AND  EFFICIENCY 

Batteries,  like  all  electrochemical  storage  devices,  generate  heat 
during  operation.  This  heat  has  two  sources:  IR  loss,  at  a  rate  equal  to 
the  product  of  the  currrent  and  voltage  drop;  thermodynamic  heat,  at  a  rate 
equal  to  the  product  of  the  current,  the  entropy  change,  and  the  absolute 
temperature.  In  the  case  of  the  nickel -cadmium  cell,  the  IR  losses  and  the 
thermodynamic  heat  are  additive  on  discharge,  and  are  substractive  on 
charge.  The  net  result  is  that  on  discharge,  the  cell  dissipates  more  heat 
than  can  be  accounted  for  by  the  product  of  current  and  voltage  drop, 
whereas  on  charge,  the  heat  generated  is  far  less.  In  some  circumstances, 
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Battery  Schematic  Diagram 


the  batteries  may  absorb  heat  from  their  surroundings,  growing  cooler  as 
they  are  charged.  The  nickel -cadmium  cell  is  thus  described  as  being 
endothermic  on  charge. 

If  charging  power  is  forced  through  a  sealed  nickel-cadmium  cell  which 
is  fully  charged,  a  chemical  overcharge  reaction  different  from  the  normal 
charge-discharge  reaction  occurs  which  results  in  the  total  over-charge 
being  dissipated  in  the  cell  as  heat. 

The  ampere-hour  efficiency  on  chage  may  be  viewed  as  the  ratio  of  the 
current  being  used  in  the  charging  reaction  to  the  total  charge  current 
being  forced  through  the  cell,  the  remainder  being  used  in  overcharge 
reaction.  On  discharge,  the  ampere-hour  efficiency  of  the  nickel -cadmium 
cell  is  unity,  or  100  percent. 

Ampere-hour  charging  efficiency  varies  as  a  function  of  the  state-of- 
charge  of  the  cell  or  battery,  approaching  unity  when  the  cell  is  nearly 
discharged,  and  up  to  a  state-of-charge  of  about  80  percent  of  the  total 
capacity  of  the  cell.  Beyond  this  point,  the  rate  of  the  overcharge  reac¬ 
tion  becomes  significant,  and  the  efficiency  falls  exponentially  until,  at 
a  state-of-charge  approaching  100  percent,  the  overcharge  reaction  consunes 
virtually  all  of  the  current  through  the  cell,  and  the  charge  efficiency  is 
zero. 

Ampere-hour  efficiency  also  varies  nonlinearly  as  a  function  of  charg¬ 
ing  current  and  temperature,  increasing  with  increasing  current,  and 
decreasing  with  increasing  temperature. 

2.3  BATTERY  TRICKLE  CHARGE  AND  SELF-DISCHARGE 

Nickel -cadmium  cells  standing  charged  on  open-circuit  tend  to  self¬ 
discharge,  losing  part  of  their  stored  energy.  The  rate  of  loss  increases 
with  increasing  temperature.  To  prevent  this,  nickel -cadmium  batteries  are 
usually  maintained  on  trickle  charge,  a  small  charging  current  whose  magni¬ 
tude  may  vary  from  C/100  to  C/40  (depending  upon  temperature),  where  C  is 
the  rated  capacity  of  the  cell  in  ampere-hours. 
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3.  BATTERY  CONTROLS 


3.1  DESCRIPTION 

Each  of  the  three  batteries  is  connected  to  the  main  power 
distribution  bus  through  an  independent  set  of  controls  whose  functions  are 
the  control  of  battery  charge  and  discharge,  protection  of  the  battery  from 
catastrophic  destruction  in  the  event  of  internal  battery  failures  or 
failures  of  the  control  circuitry,  and  provision  for  reconditioning  of  the 
battery  so  as  to  extend  its  longevity  at  high  performance.  Figure  Al-2 
shows  a  simplified  diagram  of  the  battery  and  its  control  circuitry. 

Figure  Al-3  and  Table  Al-1  suimiarize  the  logic  relationships  for  battery 
control  operation. 

Several  different  functions  are  implemented.  These  are: 

a)  Main  Bus  Voltage  Limiting  -  As  current  is  forced  into  a  sec¬ 
ondary  battery  to  recharge  it,  an  opposing  electromotive  force 
(voltage)  is  generated  in  the  battery,  increasing  with  battery 
state  of  charge.  This  increases  the  voltage  required  to  drive 
the  current  into  the  battery.  If  the  charging  voltage  of  the 
battery  is  limited,  the  increasing  opposing  electromotive  force 
results  in  a  decrease  in  the  current  which  the  battery  will 
accept  at  the  limited  voltage.  This  is  the  taper  charging 
region  of  the  charge  control  scheme,  which  occurs  during  the 
voltage  limited  portion  of  the  charge  cycle. 

Because  of  the  internal  heat  generated  in  the  battery  at  the 
end  of  charge,  and  the  negative  temperature  coefficient  of  the 
back-electromotive  force,  a  simple  voltage  limiting  scheme 
loses  control  of  the  battery  after  a  period  of  time,  and  the 
battery  enters  the  thermal  runaway  mode.  Figure  Al-4  illus¬ 
trates  the  taper  charging  and  thermal  runaway  conditions. 

b)  In  the  DSCS  II  Satellite,  when  the  battery  temperature  reaches 
77 °F,  the  battery  is  assumed  to  be  in  thermal  runaway,  and 
relay  K1  is  opened,  interposing  a  resistance  between  the  main 
power  distribution  bus  and  the  battery,  and  limiting  battery 
charging  current  to  a  value  between  0.25  and  0.35  amperes. 

This  terminates  the  thermal  runaway  process  by  allowing  the 
battery  to  cool. 

When  the  temperature  of  the  battery  falls  to  70°F,  the  SSTS 
causes  the  K1  relay  to  close,  reconnects  the  battery  to  the 
main  distribution  bus,  and  restores  the  battery  to  the  high 
current  charging  mode.  The  battery  then  limit-cycles  between 
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K1  RELAY: 


F  -  FULL  CHARGE,  MANUAL  COMMAND;  OR 
AUTO  MODE  WITH  SSTS  <84°F  (70°F) 


K2  RELAY: 


K4  RELAY: 


T/A-  TRICKLE  CHARGE,  MANUAL  COMMAND;  OR 
AUTO  MODE  WITH  SSTS  >71°F  (77«F) 

T  -  TRICKLE  CHARGE,  MANUAL  COMMAND 

M  -  MINITRICKLE  CHARGE,  MANUAL  COMMAND  OR 
BATTERY  OVER  TEMPERATURE  SWITCH  >96°F 

R  -  RECONDITIONING  DISCHARGE,  MANUAL  COMMAND. 


Figure  Al-3.  Battery  Control  9437-9442 


Table  Al-1.  Battery  Control  Logic  Equation 


Relay  K1 

Open 

=  Trickle  Charge/Oiode  Discharge 

Close 

»  Full  Charge/Direct  Discharge 

K1  (Open) 

*  C(TBat;t  >  77  degrees  F)  .  (Automatic-Enable)] 

+  [CMP:  Trickle  Charge]  +  [CMP:  Minitrickle] 

+  [TBatt  >  95  degrees  F]* 

K1  (Close) 

=  [(Tgatt  <  70  de9rees  F)  •  (Automatic-Enable)] 

+  [CMP:  Full  Charge] 

Relay  K2 

Open 

=  Minitrickle  Charge/Series  Diode  Discharge 

Close 

=  Trickle  Charge/Diode  Discharge 

K2  (Open) 

*  ^Tgatt  >  degrees  F]*  +  [CM):  Mini  trickle] 

Y2  (Close) 

»  [CMP:  Trickle  Charge] 

Relay  K3 

Open 

=  Automatic-Disable 

Close 

=  Automatic-Enable 

K3  (Open) 

*  [CM):  Trickle  Charge]  +  [CMP:  Full  Charge] 

+  [CMP:  Minitrickle] 

K3  (Close) 

=  [CM):  Automatic-Enable] 

Relay  K4 

Open 

■  Minitrickle  Charge 

Close 

■  Recondition  Pischarge 

K4  (Open) 

-  [K2  (Close)]  +  (VBatt  <  "2  to  7V)** 

K4  (Close) 

■  [(CMP:  Recondition  Discharge)]  .  (vgatt  >  ~2  to  7  volts).** 
(K2  Open)  ' 

* 

**AC  coupled 

20V,  9438  and  prior  only. 
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HEAT  CURRENT 

GENERATED  DISCH.  I  CHG.  VOLTAGE 


Figure  Al-4.  Taper  Charge  -  Thermal  Runaway  Illustration 
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70°  and  77°F  (measured  at  the  SSTS)  as  long  as  the  solar  arrays 
remain  illuminated.  Internal  battery  temperatures  may  reach 
considerably  higher  levels  due  to  two  factors: 

1)  Resistance  to  heat  flow  from  interior  to  exterior 

2)  Delays  in  the  generation  of  sensible  heat  due  to  temporary 
storage  of  the  heat  energy  as  chemical  energy.  This  causes 
battery  temperature  to  overshoot,  i.e.,  climb  above  the 
SSTS  trip  point. 

Should  the  spacecraft  enter  the  eclipse  period  while  the  K1 
relay  of  any  battery  is  open,  that  battery  will  discharge 
through  the  discharge  diode  until  the  relay  closes. 

c)  Overtemperature  Battery  Disconnect  (Minitrickle  Mode)  -  Should 
the  battery  temperature  exceed  95°F,  as  measured  by  the  battery 
overtemperature  thermostatic  switches,  the  K2  relay  opens, 
placing  the  battery  in  the  mini  trickle  mode.  The  battery 
charge  current  is  limited  by  a  larger  resistor  to  a  very  small 
current.  Battery  discharge  can  occur  only  through  two  series- 
connected  diodes.  The  minitrickle  mode  is  designed  to  permit 
partial  use  of  the  battery  in  the  event  of  a  failure  in  the 
primary  charge  control  circuitry. 

d)  Battery  Reconditioning  -  If  the  K2  relay  is  placed  in  the 
minitrickle  position,  and  the  K4  relay  is  closed,  the  battery 
is  discharged  through  the  reconditioning  resistor  for  the 
purpose  of  restoring  the  battery  to  its  original  condition  by 
deep  discharge  and  recharge. 

3.3  BATTERY  AND  BATTERY  CONTROL  INTERACTIONS 

Because  of  the  independence  of  the  battery  control  channels,  and 
because  they  are  connected  in  parallel,  imbalances  in  current  distribution 
between  the  batteries  both  on  charge  and  on  discharge  are  inherent  in  the 
design  of  this  power  subsystem.  These  are  best  illustrated  by  Figure  Al-5, 
which  is  the  output  of  a  computer  model*  of  the  power  subsystem  of  a 
DSCS  II  spacecraft  in  the  normal  midequinox  operating  mode.  From  top  to 
bottom,  this  figure  shows  the  currents  of  Batteries  1,  2,  and  3,  and  the 
total  current  through  the  three  batteries. 

At  the  left-hand  side  of  the  chart,  at  32  hours  (during  the  second 
orbit  of  the  run),  two  of  the  three  batteries  show  the  end  of  a  typical 


* 

A  computer  model  is  used  because  of  the  fine  data  resolution  and  clarity 
of  presentation. 
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Figure  Al-6.  Battery  Charge  Control  Interactions 


pulse-charging  signature,  after  which  the  three  batteries  enter  into 
eclipse  with  the  K1  relay  open,  drawing  approximately  equal  discharge 
currents.  Just  prior  to  36  hours,  the  Channel  2  K1  relay  closes,  eliminat¬ 
ing  the  diode  from  the  Battery  2  discharge  path.  Battery  2  discharge 
current  increases  (in  the  negative  direction),  and  since  the  load  require¬ 
ments  are  constant,  the  discharge  currents  of  Batteries  2  and  3  decrease 
accordingly.  Because  Battery  2  is  being  depleted  more  rapidly  than  the 
others,  its  current  output  falls  from  the  initial  surge,  accompanied  by  a 
rise  in  the  output  of  Batteries  1  and  3.  After  a  few  minutes.  Batteries  1 
and  3  K1  relays  close  simultaneously  (within  the  resolution  of  the  computer 
model)  causing  a  decrease  in  Battery  2  current,  and  a  sharp  rise  in  Battery 
2  and  3  currents.  The  eclipse  ends  shortly  thereafter. 

The  three  batteries  share  charging  current  at  the  end  of  eclipse. 
Battery  2,  which  was  more  extensively  depleted  than  the  others,  initially 
accepted  slightly  more  charge  than  the  others.  Just  after  39  hours,  the 
main  bus  voltage  reached  the  voltage  limit,  causing  the  shunt  to  operate 
reducing  the  total  current  available  for  charging  the  batteries.  As  the 
batteries  increase  in  state-of-charge,  the  current  accepted  by  each  of  the 
three  batteries  decreases,  until,  at  approximately  40  hours,  decreased 
battery  charging  efficiency  and  increased  battery  temperature  cause  a 
reversal  of  this  effect,  and  the  battery  currents  begin  to  rise  slowly.  At 
approximately  41  hours,  the  shunt  has  ceased  to  operate  and  the  batteries 
are  charging  at  full  solar  array  rate,  sharing  current  equally. 

The  heat  generated  during  high  rate  overcharging  at  end  of  charge 
increases  battery  temperature.  Shortly  before  42  hours,  the  SSTS  causes 
the  Battery  K1  relay  to  open,  placing  a  resistance  into  the  Battery  1 
charging  path,  and  decreasing  Battery  1  current  to  the  trickle  level.  The 
available  solar  array  current  is  then  diverted  to  batteries  2  and  3,  which 
show  a  rise  in  charge  current.  At  42  hours,  the  Battery  2  K1  relay  opens, 
and  all  the  charging  current  available  is  diverted  to  Battery  3.  This 
surge  of  current  causes  Battery  3  to  heat,  and  the  K1  relay  to  open 
quickly,  leaving  the  three  batteries  on  trickle  charge. 

For  the  remainder  of  the  daylight  period  of  the  orbit,  each  of  the 
batteries  cycles  Independently  between  full  charge  to  trickle  charge. 

Where  the  relays  operate  simultaneously,  signatures  similar  to  those 
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described  above  are  found.  Where  relay  operation  is  not  simultaneous,  the 
full  available  charging  current  is  forced  into  a  single  battery. 
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BRANCH  CURRENT  ANOMALY 
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APPENDIX  2 

BRANCH  CURRENT  ANOMALY 


The  current  sensors  used  in  Satellites  9437  and  9438  power  subsystem 
are  of  the  biased  saturable  reactor  type*  having  an  output  voltage  versus 
current  characteristic  as  shown  in  Figure  A2-1.  The  design  operating 
range  of  the  sensor  Is  from  -7  amperes  (discharge)  to  +3  amperes  (charge). 

At  discharge  currents  beyond  -7  amperes,  however  the  output  voltage  of  the 
sensor  is  not  single-valued  and  can  be  Interpreted  as  either  of  two  current 
values.  The  imbalance  In  battery  currents  caused  by  the  existence  of  short- 
circuited  cells  caused  a  misinterpretation  of  the  current  sensor  output. 

A  1  V  (50  telemetry  counts)  output  was  interpreted  as  -5  amperes  when  it 
actually  should  have  been  Interpreted  as  -9  amperes. 
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Figure  A2-1.  Battery  Current  Monitor  Characteristic  Curve 
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Test  Plan 

Three- Season  Simulation  of  DSCS  II  F7/8  and  Fll/12  Batteries 


1.0  Scope 

This  plan  describes  a  three -eel ipse -season  simulation  of  Flights  7/8  and 
Flights  Fll/12  batteries  using  batteries  S/N  3-6  and  S/N  3-3,  P/N  2561 07-3X . 

2.0  Test  Equipment  and  Configuration 

Each  battery  shall  be  mounted  on  a  thermoelectric  heat  exchanger  as  indicated 
in  Figure  1.  Baseplate  temperatures  shall  be  maintained  at  40  ±  3°F  throughout 
the  test.  An  aluminum  honeycomb  panel  shall  be  placed  between  the  battery  and 
heat  exchanger.  Fiberglass  shims  shall  be  placed  between  the  honeycomb  panel 
and  baseplate  to  simulate  the  orbital  battery  temperature  profile  observed  dur¬ 
ing  Flights  7  and  8.  The  battery  shall  be  covered  with  fiberglass  insulation  and 
a  plexiglass  cover  to  isolate  It  from  the  ambient  environment. 

The  electrical  test  configuration  is  shown  in  Figure  2.  All  battery  discharges 
shall  be  into  a  constant  power  load  of  ?T0±  TO  watts  which  simulates  a  two-out- 
of-three  battery  operation.  Discharge  duration  shall  vary  in  accordance  with  the 
simulated  synchronous  orbit  eclipse  charge/discharge  profile  shown  in  Table  1. 

3.0  Procedure 

3.1  Pretest  Characterization 

3.1.1  Visual  Inspection 

The  battery  shall  be  checked  for  physical  damage. 

3.1.2  Functional  Bench  Test 

The  Functional  Bench  Test  shall  be  conducted  in  accordance  with  DR-14C-03,  Rev.  E. 


3.2  Eclipse  Season  Cycling 

The  test  batteries  shall  be  subjected  to  three  consecutive  eclipse  seasons  con¬ 
sisting  of  charge/discharge  cycles  defined  In  Table  1. 

All  eclipse  season  battery  discharges  shall  be  into  a  constant  power  load  of 
110*  10  watts. 
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3.2  Eclipse  Season  Cycling  cont'd. 


The  battery  charge  shall  consist  of: 

•  A  constant  current,  one  ampere  charge,  for  a  period  of  time  equal  to 
3.6  times  the  discharge  time,  followed  by 

•  A  four  ampere  maximum  charge  rate  to  a  battery  voltage  limit  of  31.8±0.2 
volts  for  battery  S/N  3-3  and  32.4  ±0.2  volts  for  battery  S/N  3-6. 

The  charge  current  shall  be  permited  to  taper  when  the  battery  voltage  reaches 
the  voltage  limit.  Each  battery  shall  be  automatically  switched  between  trickle 
charge  and  full  charge  on  the  basis  of  temperature.  Charge  rates  and  temperature 
switch  points  are  given  in  Table  2. 

3.3  Solstice  Season  Reconditioning 

The  batteries  shall  be  reconditioned  after  completion  of  each  eclipse  season. 

Battery  S/N  3-3  shall  be  discharged  into  a  200-ohm  load  until  the  battery  voltage 
reaches  12  volts. 

Battery  S/N  3-6  shall  be  discharged  into  a  44-ohm  load  until  the  battery  voltage 
reaches  20  volts.  S/N  3-6  shall  be  subjected  to  two  consecutive  reconditioning 
cycles. 

Following  the  reconditioning  both  batteries  shall  be  recharged  at  four  amperes 
and  maintained  on  trickle  charge  until  the  start  of  the  next  eclipse  season. 

The  solstice  period  shall  be  limited  to  only  the  time  required  to  perform  battery 
reconditioning. 

3.4  Post-Test  Characterization 

A  Functional  Bench  Test  shall  be  conducted  in  accordance  with  DR-14C-03.  Rev.  E. 
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4.0  Test  Data  Monitoring  and  Recording 


Battery  performance  and  test  conditions  shall  be  monitored  continuously  by  the 
battery  laboratory  Digital  Data  Acquisition  System  (DDAS)  at  the  following  time 
intervals: 


Test  Mode 


Battery  Charge 


Battery  Discharge 


Data  Sampling  Rate 

Within  one  minute  of  start  and 
completion  plus  every  10  minutes 
during  charge. 

Within  one  minute  of  start  and  com¬ 
pletion  plus  every  five  minutes 
during  discharge  except  for  recon¬ 
ditioning  discharge  where  the  data 
shall  be  recorded  every  hour. 


Battery  test  parameters  are  listed  in  Table  3.  All  parameters  shall  be  monitored 
by  the  DDAS  and  stored  on  magnetic  tape  at  the  time  intervals  noted  above. 

The  data  shall  also  be  printed  on  the  line  printer  to  facilitate  real  time, 
assessment  of  the  results  by  the  responsible  personnel. 

5.0  Schedule 


Figure  3  is  a  major  task  schedule  in  bar  chart  form. 


Table  1 


Duration  of  charge  and  discharge  periods  for  each  cycle  of  the  eclipse  season. 


24  Hour  Cycle 

Charge 

Time 

Hours 

Minutes 

Minutes 

i 

45 

23 

40 

20 

2 

44 

23 

32 

28 

3 

43 

23 

25 

35 

4 

42 

23 

20 

40 

5 

41 

23 

17 

43 

6 

40 

23 

13 

47 

7 

39 

23 

10- 

50 

8 

38 

23 

07 

53 

9 

37 

23 

04 

56 

10 

36 

23 

02 

58 

11 

35 

23 

00 

60 

12 

34 

22 

58 

62 

13 

33 

22 

56 

64 

14 

32 

22 

58 

66 

15 

31 

22 

53 

67 

16 

30 

22 

52 

68 

17 

29 

22 

51 

69 

18 

28 

22 

50 

70 

19 

27 

22 

50 

70 

20 

26 

22 

/49 

71 

21 

25 

22 

/  49 

71 

22,  23 

24 

22 

\  48 

72 

i 
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Table  2 


Charge  Control  Parameters 


Bus  Voltage 

Trickle  Charge  Rate 

SSTS  Switch  Points 

Full  Charge  Rate 

III 

(V) 

(A) 

(°F) 

(A) 

3-3 

31.8 

0.175 

64/71 

4.0 

3-6 

32.4 

0.250 

70/77 

4.0 
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Table  3 


Battery  Test  Parameters  to  be  monitored  and  recorded  during  test 


Parameter 

Number  of 
Parameters 

Cell  Voltage 

22 

Battery  Voltage 

1 

Battery  Current 

1 

Battery  Temperatures  RT1 ,  RT2 

2 

Battery  Heat  Sink  Temperature 

2 

Cycle  Time 

1 

Battery  End-of-Discharge  Voltage 

1 
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The  attached  figures  summarize  the  performance  of  777  batteries  S/N  3-3  and 
S/N  3-6  for  Seasons  1  and  2,  and  the  reconditioning  for  Season  3. 


Figure  Identification 


3- 

-3 

3- 

-6 

SUBJECT 

Season 

i 

2 

1 

2 

9 

5 

9 

13 

Typical  Midseason  Temp.,  Voltage, 

Current  Profile 

Figure 

6 

El 

14 

Reconditioning  Discharge  Profile 

Number 

7 

15 

Mi^imunj  Full  Charge  Fall-Off  Current 

9 

8 

E9 

16 

End-of-Discharge  Voltage  Trend 

17 

18 

Peak  Overcharge  Current  Trend 

Reconditioning  Discharge 

The  Battery  Reconditioning  Discharge  Profiles  give  evidence  of  a  second  plateau 
phenomenon.  The  discharge  profile  for  S/N  3-3, Season  3  (Figure  6)  also  shows 
a  distinct  linear  region  prior  to  a  sharp  end-of-discharge  drop-off.  Prelim¬ 
inary  Inspection  of  the  test  data  suggests  that  the  shape  of  the  curve  Is  real. 
The  primary  test  data  Is  being  reviewed. 

Minimum  Full  Charge  Fall -Off  Current  Trend 

The  minimum  full  charge  fall-off  current  Is  defined  as  the  minimum  current 
observed  after  the  Initial  switching  to  maximum  charge  rate  and  prior  to  the 
Increase  due  to  heating.  These  currents  are  plotted  vs.  cycle  number  to  demon¬ 
strate  any  trend.  As  can  be  seen  from  the  figures  the  data  Is  plotted  twice. 
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Reconditioning  Discharge  cont'd. 

The  upper  plot  utilizes  raw  data.  The  magnitude  of  the  scatter  and  excursions  is  of 
interest.  Inspection  of  the  test  data  revealed  considerable  variation  of  the  temper 
atures  at  the  current  minima.  Analysis  of  the  current- temperature  data  revealed  a 
linear  relationship  for  a  given  test  configuration.  The  slope  of  the  current-temper 
ature  line  was  used  as  a  normalization  factor  as  indicated  below: 

Where:  IT  is  the  observed  current  normalized  to  T. 

o  1 

Tq  is  the  median  test  temperature  * 

Tj  is  the  observed  temperature 

IT  is  the  current  at  T. 

'i  1 

A!  is  the  slope  of  the  current- temperature  line 
AT 

The  temperature-normalized  data  is  plotted  in  the  lower  portion  of  the  figures.  The 
plots  are  smoothed  considerably  and  may  be  more  meaningful  in  terms  of  the  fall -off 
current  minima  vs.  cycle  number  trend.  The  discontinuities  occurring  at  the  begin¬ 
ning  of  the  seasons  correspond  to  changes  in  the  test  set-up. 

Peak  Overcharge  Current  Trend 

The  peak  overcharge  current  is  defined  as  the  peak  current  observed  following  the 
minimum  full  charge  fall-off  current  of  the  previous  paragraph.  Several  early-cycle 
data  points  could  not  be  plotted.  The  primary  test  data  is  being  reviewed  for  the 
cycles  in  question. 
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1.0  Summary  and  Recommendations 

The  F7/8  Season  3  simulation  run  with  Battery  S/N  3-6  produced  two 
cell  short  circuits  and  two  cells  whose  performance  suggests  impending 
shorts.  No  anomalies  were  observed  during  the  Fll/12  Season  3  simulation 
run  with  Battery  S/N  3-3. 

Inspection  of  Battery  S/N  3-6  cell- level  data  suggests  that  cells  may 
give  warning  of  impending  short  circuit  failure  in  terms  of  suppressed  cell 
voltage  and  anomalous  overcharge  pulse  waveforms.  Both  cells  which  shorted 
in  Battery  S/N  3-6  developed  partial  shorts  which  cleared  prior  to  being  re¬ 
moved  from  the  battery  circuit.  One  of  these  cells  developed  a  permanent 
short  prior  to  isolation. 

Data  describing  the  short  circuits  and  general  Season  3  battery  perfor¬ 
mance  are  summarized  by  the  figures  listed  in  Table  1. 

Several  similarities  are  noted  between  the  ground  test  and  flight  shorts. 


Attribute 

Flight 

Ground 

Cell  P/N 

8E005 

8E005 

Cell  Mfg.  Lot 

No. 

1 

1 

Season 

.  3 

3 

Eclipse 

0-20 

9 

Short  Location 

Central  Cell 
(By  Analysis) 

Central  Cell 
(Cell  No.  6) 

DSCS-C3-498 
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Table  1 

Figure  Identification 


Figure 

S/N  3-3 

Number 

S/N  3-6 

Subject 

1 

2 

Typical  Midsoason  Temperature,  Voltage,  Current  Profile  - 
Season  3,  Cycle  20 

3 

4 

Typical  Midseason  Temperature,  Voltage,  Current  Profile  - 
Season  2,  Cycle  20 

5 

6 

Typical  Midseason  Temperature,  Voltage,  Current  Profile  - 
Season  1,  Cycle  20 

7 

8,  9 

Battery  Reconditioning  Discharge  Profile  -  Prescason  4 

10 

11 

Minimum  Full  Charge  Fall-Off  Current  Trend  -  Season  3 

12 

13 

Battery  End-of-Discharge  Voltage  Trend  -  Seasons  1,  2,  3 

‘  14 

15 

Peak  Overcharge  Current  Trend  -  Seasons  1,  2,  3 

16-19 

Cell  No.  6  Short  Circuit 

20 

OCV  Decay  on  Charged  Stand  following  the  Cell  6  Short 

21-25 

Cell  No.  15  Short  Circuit 
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Analysis  of  the  flight  and  ground  test  data  led  to  the  conclusion  that  the 
F7/8  charge  regime  contributes  to  cell  short  failures  and  should  not  be  continued. 
The  backup  mode,  i.e.,.high  bus  trickle  charge,  is  therefore  being  evaluated  as 
the  prime  mode. 


Continuation  of  the  F7/8  ground  test  battery  simulation  is  recommended  to  sup¬ 
port  this  change. 


The  F7/8  Season  4  simulation  should  utilize  high  bus  trickle  charge  as  the  pri¬ 
mary  charge  mode.  Because  the  history  of  the  F7/8  simulation  battery  (S/N  3-6) 
closely  matches  that  of  the  flight  battery  the  ground  test  data  can  provide  valuable 
guidance  for  operational  decisions. 

Continuation  of  the  FI  1/1 2  simulation  is  recommended  as  a  design  verification 
and  is  of  special  interest  because  the  stresses  imposed  by  its  charge  regime  are 
intermediate  between  the  F7/8  primary  and  backup  modes. 


2 . 0  Discussion  of  Season  Three  Battery  Performance 


2. 1  Typical  Midseason  Temperature,  Voltage,  Current  Profile  (Figures  1-6) 

Figures  1-6  depict  typical  midseason  temperature,  voltage,  and  current  profiles 
for  batteries  S/N  3-3  and  S/N  3-6  during  seasons  1-3. 

The  low  battery  voltages  recorded  for  Battery  S/N  3-6  during  Season  3  are  caused 
by  the  loss  of  the  three  cells  that  were  bypassed  because  of  shorting  or  anomalous 
behavior. 
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2.2  Battery  Reconditioning  Discharge 

The  reconditioning  discharge  profile  observed  for  S/N  3-3,  following  Season  3, 
is  shown  in  Figure  7.  The  flat  portion  of  the  curve  between  129  and  145  hours  and 
sharp  inflection  at  145  hours  were  also  observed  during  the  reconditioning  discharge 
following  Season  2.  The  reconditioning  discharge  following  Season  1  did  not  exhibit 
these  features.  The  19.3  Ah  reconditioning  discharge  capacity  obtained  after  Season  3 
agrees  well  with  the  19.8  Ah  and  19.2  Ah  capacities  obtained  after  Seasons  2  and  T 
respectively. 

The  reconditioning  discharge  profiles  observed  for  S/N  3-6,  following  Season  3, 
are  shown  in  Figures  8  and  9.  Operational  difficulties  caused  the  discharges  to  be 
terminated  at  22  volts  instead  of  the  planned  19  volts.  The  observed  capacities  of 
14.5  and  14.4  Ah  for  the  first  and  second  discharges  are  therefore  biased  low  and  are 
not  directly  comparable  to  the  corresponding  Season  2  values  of  17.3  and  18.0  Ah. 
However,  if  the  Season  2  curves  are  integrated  only  to  a  point  equivalent  to  the  Sea¬ 
son  3  cut-off  voltage,  first  and  second  discharge  capacities  of  14.7  and  15.0  Ah  are 
obtained.  These  values  are  in  acceptable  agreement  with  Season  3  capacities. 

2 • 3  Minimum  Full  Charge  Fall-Off  Current  Trend 

The  minimum  current  observed  after  the  initial  switching  to  maximum  charge  rate 
and  prior  to  the  increase  due  to  heating  is  plotted  vs.  cycle  number  in  Figure  10 
(S/N  3-3)  and  rigure  11  (S/N  3-6). 

The  convention  of  plotting  both  raw  and  temperature-normalized  data  used  pre¬ 
viously  (DSCS-C3-481 ,  28  March  79)  is  continued. 

During  the  second  half  of  the  season  the  normalized  Battery  S/H  3-6  data  showed 
more  scatter  than  had  been  observed  previously.  No  explanation  is  immediately  avail¬ 
able  but  inspection  of  the  raw  data  reveals  a  steady  and  rapid  increase  in  the  minimum 
fall-off  current  during  this  period. 

2-4  Battery  End-of-Discharqe  Voltage  Trend 

Battery  end-of-disc:harge  voltage  Is  plotted  vs.  cycle  number  in  Figure  12 
(S/N  3-3)  and  Figure  13  (S/N  3-6)  for  Seasons  1,  2  and  3.  The  season-to-season  agree¬ 
ment  Is  excellent  and  no  trend  is  apparent. 
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The  peak  overcharge  current  observed  following  the  minimum  full  charge  fall-off 
current  is  plotted  vs.  cycle  number  in  Figure  14  (S/N  3-3)  and  Figure  15  (S/N  3-6) 
for  Seasons  1,2,  and  3. 

The  S/N  3-3  data  (Figure  14)  indicates  that  the  Season  1  peak  currents  are  about 
0.2A  lower  than  those  of  Seasons  2  and  3.  The  agreement  between  the  Season  2  and  3  date  is 
excellent.  The  S/N  3-6  data  (Figure  15)  appears  to  follow  the  same  trend.  However, 
the  scatter  is  far  greater  than  observed  for  the  S/N  3-3  data.  The  increased  scatter 
is  probably  related  to  the  more  dynamic  nature  of  the  F7/8  (S/N  3-6)  charge  regime. 

3.0  Cell  Short  Circuit  Failures  (Battery  S/N  3-6) 

During  Season  3,  Battery  S/N  3-6  produced  two  cell  short  circuits,  and  two  cells 
whose  performance  suggests  impending  shorts.  The  shorts  and  associated  events  are 
discussed  below. 

3.1  Cell  Number  6,  Short  Circuit 

Relevant  cell  and  battery  data  are  presented  in  Figures  16-19. 

Cell  No.  6  first  shorted  at  15.55  hours.  The  time  is  confirmed  by  three  observa¬ 
tions: 

1)  A  battery  voltage  inflection  occurred  at  15.55  hours  (Figure  16) 

2)  Temperature  sensor  RT2,  mounted  adjacent  to  Cell  No.  6,  indicated 
a  temperature  excursion  starting  at  15.60  hours  (Figure  16). 

3)  The  Cell  No.  6  cell  voltage  dropped  off  its  overcharge  plateau  pre¬ 
maturely  at  15.55  hours  (Figure  17). 

Inspection  of  the  subsequent  data  indicates  that  the  short  cleared  itself  with¬ 
in. minutes. 

Cell  No.  6  shorted  again  at  28.05  hours.  Voltage  and  temperature  observations 
were  similar  to  the  initial  short.  The  short  persisted  for  several  hours;  Cell  No.  6 
was  isolated  electrically  prior  to  the  next  cycle. 

3.2  OCV  Decay 

Battery  S/N  3-6  was  put  on  open  circuit  stand  after  completing  the  Season  3, 

Cycle  9  charge.  The  OCV  decay  on  charged  stand  is  presented  in  Figure  20.  Analysis 
of  the  data  indicated  that  two  cells,  Cell  No.  4  and  Cell  Mo.  15,  had  OCV's  more  than 
three  standard  deviations  less  than  the  mean  of  the  remaining  19  cells.  Cells  4  and 


A3-36 


(JSCS-C3-498 
79-8725.2-110 
page  6 

i 

15  are  plotted  Individually. 

3.3  Cell  No.  4.  Anomalous  Behavior 

Cell  No.  4  was  electrically  Isolated  during  Cycle  No.  10.  This  action  was  based 
on  two  observations: 

a  The  Cell  No.  4  overcharge  pulses  exhibited  subtle  but  real  shape 
changes  that  are  believed  to  be  associated  with  impending  shorts. 

a  The  Cell  No.  4  voltage  was  running  50-100HV  lower  than  the  remaining  cells. 

3.4  Cell  Number  15.  Short  Circuit 

Relevant  cell  and  battery  data  are  presented  in  Figures  21-24.  Cell  No.  15 
shorted  during  the  charge  following  the  first  reconditiong  discharge  after  Season  3. 
The  short  occurred  at  17.60  hours  and  Is  confirmed  by  inflections  in  the  battery 
voltage  and  temperature  (Figure  21)  and  cell  voltage  plots  (Figure  22).  The  cell 
voltage  dropped  to  zero  and  remained  there  for  more  than  one  hour.  The  voltage  then 
rose  slowly  for  about  14  hours  at  which  time  the  short  was  substantially  cleared. 

An  overcharge  pulse  occurred  between  55.65  and  58.00  hours  (Figures  23).  The 
voltage  responses  of  Cell  No.  15  and  a  nominal  cell.  Cell  No.  20,  are  presented  in 
Figure  24.  The  response  of  Cell  No.  15  Is  anomalous  and  suggests  that  It  was  not 
accepting  charge  normally. 

Cell  No.  15  was  bypassed  at  63.9  hours.  The  zero  voltage  after  this  time  Indi¬ 
cates  only  that  the  data  acquisition  system  Is  no  longer  monitoring  the  cell. 
Immediately  after  being  electrically  Isolated  from  the  remaining  battery  cells.  Cell 
No.  15  was  discharged  into  a  10-ohm  resistor  to  a  0.0  volt  cut-off.  The  results  are 
presented  In  Figure  25.  The  discharged  capacity  Is  6  Ah.  The  cell  had  received  a 
total  of  40  Ah  of  charge  (16  Aiv  before  the  short  and  14  Ah  after).  This  Is  equivalent 
to  a  charge  efficiency  of  43X,  assuming  zero  state-of-charge  immediately  after  the 
short.  The  efficiency  of  an  unshorted  cell  should  be  approximately  twice  this  value. 
The  Inefficiency  provides  an  estimate  of  the  magnitude  of  the  short. 

As  can  be  seen  from  Figure  25  the  voltage  recovery,  after  removal  of  the  10-ohm 
resistor,  was  Irregular  and  slow. 

C  3.5  Cell  Short  Naming  Sions 

Inspection  of  cell  voltage  data  prior  to  short  circuit  failure  suggests  that  the 
cell  voltage  may  signal  an  Impending  short  In  three  ways. 
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( 1 )  Cell  Voltage  Distribution 

If  the  voltage  of  a  cell,  v/hich  had  been  part  of  the  normal  population, 
falls  significantly  below  the  population,  the  cell  should  be  suspect. 

( 2 )  Voltage  Response  to  the  Initial  Charge  Pulse 

The  voltage  response  of  cells  with  impending  shorts  appears  to  exhibit 
an  irregular  feature  near  the  beginning  of  the  initial  charge  pulse. 

(3)  Voltage  Response  to  Overcharge  Pulses 

v 

A  cell  with  an  impending  short  climbs  to  the  maximum  voltage  slowly  re¬ 
sulting  in  a  ramp  waveform. 

A  normal  cell  responds  by  climbing  quickly  to  a  maximum  voltage  and 
either  remaining  at  that  voltage  or  falling  off  slightly  (due  to  over¬ 
charge  heating). 

Figure  26  shows  the  voltage  response  waveform  of  Cells  6  and  15,  Battery  S/N  3-6, 
during  Cycle  7  of  Season  3.  Cell  No.  15  appears  normal.  Cell  No.  6  exhibits  the 
three  warning  signs  identified  above.  Cell  No.  6  developed  a  short  and  failed  two  days 
^  later  during  Cycle  9. 

Although  Cell  No.  1 5 ' s  waveform  and  working  voltages  appear  normal  during  Cycle  7 
and  again  during  Cycle  9  its  OCV  decay  rate  was  anomalous  during  the  post-Cycle  9 
stand  (Paragraph  3.2  ).  Figure  27  shows  the  voltage  response  waveforms  of  Cells  15 
and  16,  Battery  S/N  3-6,  during  Cycle 33  of  Season  3.  Once  again  the  three  warning 
signs  are  present.  Cell  No.  15  developed  a  short  and  failedl4  days  later  during  the 
charge  following  the  first  reconditioning  discharge  after  completion  of  Season  3. 

The  absence  of  similar  cell  level  data  analysis  for  other  systems  makes  it  im¬ 
possible  to  comment  on  the  generality  of  these  warning  signs  but  it  appears  that 
these  warning  signs  should  be  considered  precursors  of  short  circuit  failure  for  the 
F7/8  battery  configuration. 

3.6  Teardown  Analysis 

DPA  shall  be  performed  on  Cells  4,  6,  8,  and  15. 

Cell  No.  8  qualifies  for  teardown  because  of  low  voltage  only. 

( 
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Test  Plan 

Simulation  of  DSCS-II  FI 1/12  on 
High  Bus  Trickle  Charge 

1 .0  Scope 

This  plan  is  designed  to  evaluate  the  performance  and  capability  of  Flight 
11/12  batteries  using  high  bus  trickle  charge  as  the  primary  charge  mode 
during  eclipse  seasons. 

2.0  Test  Equipment  and  Configuration 

The  battery,  S/N  3-50,  P/N  256107-4,  shall  be  mounted  on  a  thermoelectric  heat 
exchanger  as  indicated  in  Figure  1.  Baseplate  temperatures  shall  be  maintained 
at  40±3°F  throughout  the  test.  An  aluminum  honeycomb  panel  shall  be  placed 
between  the  battery  and  heat  exchanger.  1.06±  .03  inches  of  fiberglass  shims 
shall  be  placed  between  the  honeycomb  panel  and  baseplate  to  effect  a  simulation 
of  the  predicted  orbital  battery  temperature  profile  during  charge  and  discharge. 
The  battery  shall  be  covered  with  fiberglass  insulation  and  a  plexiglass  cover 
to  isolate  it  from  the  ambient  environment. 

The  electrical  test  configuration  is  shown  in  Figure  2.  All  battery  discharges 
shall  be  at  6  amperes  constant  current  which  simulates  a  two-out-of-three  bat¬ 
tery  operating  condition.  Discharge  duration  shall  vary  in  accordance  with  the 
simulated  synchronous  orbit  eclipse  charge/discharge  profile  shown  in  Table  1. 

3.0  Procedure 

3.1.1  Pretest  Characterization 

3.1.1  Visual  Inspection 

The  battery  shall  be  checked  for  physical  damage. 

3.1.2  Functional  Bench  Test 

The  Functional  Bench  Test  shall  be  conducted  in  accordance  with  DR-14C-03, 
Revision  E. 

3.2  Eclipse  Season  Cycling 

The  test  battery  shall  be  subjected  to  two  consecutive  eclipse  seasons  consist¬ 
ing  of  charge/discharge  cycles  defined  in  Table  1. 

All  eclipse  season  battery  discharges  shall  be  6  amperes  constant  current. 
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The  battery  charge  shall  consist  of  trickle  charging  from  a  32.8  volt  bus  through 
a  7-ohm  resistor. 

Performance  degradation  during  the  eclipse  season  may  be  evaluated  as  directed  by 
the  responsible  test  engineer  by  extending  the  duration  of  any  one  eclipse  dis¬ 
charge  (beyond  eclipse  cycle  26)  until  the  battery  voltage  reaches  22  volts  or  any 
cell  reaches  0.5  volts.  The  subsequent  eclipse  discharge  shall  be  omitted  to  per¬ 
mit  adequate  recharge  before  resuming  the  test. 

3.3  Solstice  Season  Reconditioning 

The  batteries  shall  be  reconditioned  after  completion  of  each  eclipse  season. 

The  battery  shall  be  discharged  into  a  200-ohm  load  until  the  battery  voltage 
reaches  12  volts. 

Following  reconditioning,  the  battery  shall  be  maintained  on  trickle  charge  until 
the  start  of  the  next  eclipse  season.  The  solstice  period  shall  be  limited  to  only 
the  time  required  to  perform  one  reconditioning  discharge/recharge  cycle. 

3 • 4  Post-Test  Characterization 

A  Functional  Dench  Test  shall  be  conducted  ir.  accordance  with  DR-14C-03,  Revision  T. 
4.0  To  st  Pat  a.  Moni  tori  ng  and  Recording 

Battery  performance  and  test  conditions  shall  be  monitored  continuously  by  the  bat¬ 
tery  laboratory  Digital  Data  Acquisition  System  (DDAS)  at  the  following  time  inter¬ 
vals: 

Test  Mode  Data  Sampling  Rate 

Battery  Charge  Within  one  minute  of  start  and  com¬ 

pletion  plus  every  10  minutes  during 
charge. 

Battery  Discharge  Within  one  minute  of  start  and  com¬ 

pletion  plus  every  five  minutes  during 
discharge  except  for  reconditioning 
discharge  where  the  data  shall  be  re¬ 
corded  every  hour. 

Battery  test  parameters  are  listed  in  Table  2.  All  parameters  shall  be  monitored 
by  the  DDAS  and  stored  on  magnetic  tape  at  the  time  intervals  noted  above. 


5.0  Schedule 

Figure  3  is  a  major  task  schedule  in  bar  chart  form. 


Table  1 


Duration  of  charge  and  discharge  periods  for  each  cycle  of  the  eclipse  season. 


CYCLE 

NUMBER 

24  Hour  Cycle 

Charge 

Time 

Discharge  Time 

Hours 

Minutes 

Minutes 

1 

45 

23 

40 

20 

2 

44 

23 

32 

28 

3 

43 

23 

25 

35 

4 

42 

23 

20 

|  40 

5 

41 

23 

17 

43 

6 

40 

23 

13 

47 

7 

39 

23 

10 

50 

8 

38 

23 

'  07 

53 

9 

37 

23 

04 

56 

10 

36 

23 

02 

58 

11 

35 

23 

00 

60 

12 

34 

22 

58 

62 

13 

33 

22 

56 

64 

14 

32 

22 

58 

66 

15 

31 

22 

53 

67 

16 

30 

22 

52 

68 

17 

29 

22 

51 

69 

18 

28 

22 

50 

70 

19 

27 

22 

50 

70 

20 

26 

22 

49 

71 

21 

H 

22 

49 

71 

22,  23 

■ 

22 

48 

72 
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Table  2 


Battery  Tost  Parameters  to  be  monitored  and  recorded  during  test 


Parameter 

Number  of 
Parameters 

Cell  Voltage 

22 

Battery  Voltage 

1 

Battery  Current 

1 

Battery  Temperatures  RT1 ,  PJ2 

2 

Battery  neat  Sink  Temperature 

2 

Cycle  Time 

1 

Battery  End-of-Discharge  Voltage 

1 
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Summary  and  Discussion 

The  subject  simulation  is  designed  to  evaluate  the  performance  and  capability 
of  Flights  11/1?  batteries  using  high  bus  trickle  charge  as  the  primary  charge 
mode. 

The  Season  1  results  indicate  that  battery  performance  was  reasonably  stable 
and  within  specification.  The  increasing  end-of-dischargc  voltages  past  mid¬ 
season  suggest  good  response  to  the  charge  regime  (Figure  2).  However,  the 
•  end-o f-charge  voltages  decreased  at  an  almost  constant  rate  during  the  season 
(Figure  4).  The  decrease  in  voltage  may  be  related  to  the  low  recharge  ratio 
(1.14  for  cycle  20)  and  low  charge  rate  (approx.  C/40)  used.  Accordingly,  the 
following  efforts  are  planned  or  under  consideration: 

■/q  A  post-midseason  capacity  discharge  could  be  run  to  evaluate  degradation 
of  full  capacity. 

>e  Heat  rate  measurements  will  be  made  at  low  charge  rates. 

>o  A  parametric  test  will  be  run  to  determine  the  relationship  between  end- 
of-charge  voltage  and  rate  and  end-of-discharge  voltage  and  rate. 

Figure  1  -  Battery  Test  Parameters  -  Season  1,  Cycle  .20 

The  trickle  charge  regime  eliminates  overcharge  pulses  and  maintains  an  average 
temperature  approximately  10°F  lower  than  the  auto  cycling  regime. 

Figure  2  -  End-of-Discharge  Voltage  versus  Cycle  Number 

The  midseason  end-of-discharge  voltages  are  approximately  0.20  volts  lower  than 
"the  comparable  auto  cycling  regime  (S/N  3-3  Season  1).  The  difference  is  probably 
related  to  the  difference  in  charge  rates.  The  increasing  post-midseason  end-of- 
dischargc  voltages  demonstrate  that  battery  performance  was  not  significantly 
degraded.  Note  that  data  starts  with. Cycle  8.  Cycles  1-7  wore  not  run. 
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Figure  3  -  Battery  Reconditioning  Discharge  Voltage  Profile 
No  anomalous  features  were  noted. 

Figure  4  -  End-of-Charge  Voltage  versus  Cycle  Number 

The  end-of-charge  voltages  decreased  at  an  almost  constant  rate  during  the  season. 

The  decrease,  0.57V,  is  equivalent  to  26  mv  per  cell.  The  consequences  of  the  decree.- 
in  voltage  are  not  immediately  apparent. 
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Test  Plan  -  Two-Battery  Load  Sharing  Test 
Simulation  for  777  F7/8  Batteries 
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The  attached  Test  Plan  is  designed  to  simulate  a  F7/8  load  sharing  configura¬ 
tion  in  which  one  battery  has  one  shorted  cell.  The  test  started  in  January 
1979,  and  is  in  progress.  Two-seasons  are  scheduled. 
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777  Test  Batteries  S/N  3-36  and  S/N  3-43 
Two-Battery  Load  Sharing  Test  Simulation  for  777  F7/8  Batteries 


1 .0  Scope 

This  test  Plan  is  designed  to  simulate  a  two-eclipse  season.  Flight  7/8  battery 
configuration  in  which  one  battery  has  one  shorted  cell.  The  primary  mode  of 
battery  charging  is  trickle  charge  from  a  33.4  volt  bus  through  a  7  ohm  resistor. 

The  two  test  batteries  are  to  be  discharged  into  a  common  325  watt  constant  power 
load.  Overall  battery  performance  and  degree  of  discharge-load-sharing  will  be 
determined  with  individual  batteries  connected  either  directly  to  the  load  or 
through  one  or  two  diodes. 

2.0  Test  Equipment  and  Configuration 

The  batteries  shall  be  mounted  on  a  common  thermoelectric  heat  exchanger  base¬ 
plate.  Baseplate  temperature  shall  be  maintained  at  40±3°F  throughout  the  test. 

An  aluminum  honeycomb  panel  shall  be  placed  between  the  batteries  and  the  heat  ex¬ 
changer  as  indicated  in  Figure  1.  Fiberglass  shims  shall  be  placed  between  the 
honeycomb  panel  and  baseplate  to  simulate  the  orbital  battery  temperature  profile 
observed  during  Flights  7  and  8.  The  battery  shall  be  covered  with  fiberglass 
insulation  and  a  plexiglass  cover  to  isolate  it  from  the  ambient  environment. 

The  general  test  configuration  is  shown  in  Figure  2. 

Cell  22  of  Battery  S/N  3-43  shall  be  shorted. 

Batteries  S/N  3-36  and  S/N  3-43  shall  be  in  parallel  for  both  charge  and  discharge. 
The  charge/discharge  circuit  is  shown  schematically  in  Figures  3  and  4. 

3.0  Procedure 

3.1  Pretest  Characterization 

3.1.1  Visual  Inspection 

3.1.2  Functional  Bench  Test 

A  Functional  Bench  Test  shall  be  conducted  in  accordance  with  DR-14C-03,  Revision  E. 


3.2  Cycling  Plan 


3.2.1  Season  1 


The  test  batteries  shall  be  subjected  to  the  following  cycling  regime: 


Cycle  No.  Cycling  Regime 
1  Table  1 


Configuration  (Ref.  Figure  3) 


Table  1 


Charge 


S/N  3-36  -  33.4  volt  bus,  7  ohm  resistor 
S/N  3-43  -  same  as  for  S/N  3-36 

Discharge 

S/N  3-36  -  1  diode  between  battery  and  load 
S/N  3-43  -  same  as  for  S/N  3-36 

Charge 

Same  as  for  cycles  1-29 
Discharge 

S/N  3-36  -  same  as  for  cycles  1-29 

S/N  3-43  -  0  diodes  between  battery  and  load 


33  Fixed  Cycle 

I  Charge  -  22  Hr.  48  Min. 


Discharge 


72  Min. 


Charge 

Same  as  for  cycles  1-29 
Discharge 

S/N  3-36  -  2  diodes  between  battery  and  load 
S/N  3-43  -  0  diodes  between  battery  and  load 


Fixed  Cycle 

Charge  -  22  Hr.  48  Min. 


1)  Charge  until  battery 
temperature  is  5°F 
above  the  minimum  re¬ 
charge  temperature. 

2)  When  the  last  battery 
temperature  increases 
5°F  reconfigure  as 
Indicated. 


Discharge 


72  Min. 


Charge 

S/N  3-36  and  S/N  3-43 

1)  Bus  voltage  *  32. 4v;  bus  current  = 

5.0  amps.  Short  both  7  ohm  resistors. 


2)  Increase  the  bus  voltage  to  33. 4v 
and  remove  the  shorting  straps. 


Discharge 

S/N  3-36-2  diodes  between  battery  and  load 
S/N  3-43-0  diodes  between  battery  and  load 
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3.2.2  Season  2 

The  test  batteries  shall  be  subjected  to  one  eclipse  season  consisting  of 
charge/discharge  cycles  defined  in  Table  1.  The  configuration  shall  be  as 
indicated  in  Figure  4. 

3.3  Solstice  Season  Reconditioning 

The  batteries  shall  be  reconditioned  after  completion  of  each  eclipse  season. 

Reconditioning  shall  consist  of  discharge  into  a  44  ohm  load  until  the  battery 
voltage  reaches  20v.  Two  reconditioning  cycles  shall  be  performed. 


Following  reconditioning  the  batteries  shall  be  recharged  at  four  amperes  to  the 
voltage  limit  and  maintained  on  trickle  charge  until  the  start  of  the  next 
eclipse  season. 

The  total  duration  of  the  solstice  season  shall  be  limited  to  only  the  time 
necessary  to  complete  battery  reconditioning. 


3.4  Post- Test  Characterization 

A  Functional  Bench  Test  shall  be  conducted  in  accordance  with  DR-14C-03,  Rev.  E. 


Test  Data  Monitoring  and  Recording 


Battery  performance  and  test  conditions  shall  be  monitored  continuously  by  the 
battery  laboratory  Digital  Data  Acquisition  System  (DDAS)  at  the  following  time 
Intervals: 


Test  Mode 
Battery  Charge 

Battery  Discharge 


Data  Sampling  Rate 


Within  one  minute  of  start  and 
completion  plus  every  10  minutes 
during  charge. 


Within  one  minute  of  start  and  com¬ 
pletion  plus  every  five  minutes  dur¬ 
ing  discharge  except  for  reconditioning 
discharge  where  the  data  shall  be  re¬ 
corded  every  hour. 


Battery  test  parameters  are  listed  in  Table  2.  All  parameters  shall  be  monitored 
by  the  DDAS  and  stored  on  magnetic  tape  at  the  time  intervals  noted  above. 


5.0 


The  data  shall  also  be  printed  on  the  line  printer  to  facilitate  real  time 
assessment  of  the  results  by  the  responsible  personnel. 

Schedule 

Figure  5  is  a  major  task  schedule  in  bar  chart  form. 
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Table  2 

Battery  Test  Parameters  to  be  monitored  and  recorded  during  test 


Pa  r ame  ter/Battery 

Number  of 
Parameters/Battery 

Cell  Voltage 
.  Battery  Vol tage 

22 

1 

Battery  Current 

1 

Battery  Temperatures  RT1 ,  RT2 

2 

Battery  Heat  Sink  Temperature 

2 

Cycle  Time 

1 

Battery  End-of-Discharge  Voltage 

1 
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Summary 

The  subject  simulation  is  designed  to  evaluate  777  Battery  performance 
using  a  configuration  in  which  the  load  is  shared  by  two  batteries,  one  of 
which  has  a  shorted  cell.  Load  sharing  was  evaluated  for  configurations  in 
which  the  one-cell  discrepancy  was  compensated  by  0,  1,  or  2  diodes. 

Two  forty-five  cycle  real  time  eclipse  seasons  were  run.  The  charge/dis¬ 
charge  configurations,  data,  and  parametric  trends  are  summarized  by  the 
figures  listed  In  Table  1. 

Figure  10  depicts  the  improvement  in  load  sharing  as  the  voltage  imbalance 
Is  progressively  compensated  by  diodes.  Average  (percentage)  load  sharing 
values  of  72/28,  66/34,  and  51/49  were  observed  for  the  0,  1,  and  2  diode  con¬ 
figurations  run  during  Season  1. 

Operation  In  the  uncompensated  configurations  e.g.,  0  diodes,  resulted 
In  the  21-cell  battery  (S/N  3-43)  receiving  a  great  deal  of  overcharge  and 
the  22-cell  battery  (S/N  3-36)  receiving  little  or  none. 

Season  2  was  run  exclusively  with  the  one  diode  configuration.  The 
average  load  sharing  observed  during  Season  2  was  61/39  percent. 

2.0  Conclusions 

Operation  with  0,  1,  and  2  diode  compensation  modifies  load  sharing  in  a 
straightforward  and  predictable  manner.  The  test  configuration  In  which  the 
load  Is  shared  by  two  batteries,  one  of  which  has  a  shorted  cell,  resulted  In 
an  average  load  sharing  of  72/28  percent  without  compensation.  Using  2  diodes 
(0.5-0.6V  each)  to  compensate  for  the  single  cell-  difference  (<v  1.2V)  resulted 
C  In  an  average  load  sharing  of  51/49  percent. 
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Table  1 


Figure  Identification 


Battery  S/N 

3-3( 

> 

3-43 

Season 

1 

2 

1 

2 

Description 

Figure 

1 

1 

1 

1 

Charge/Discharge  Configuration 

Typical  Midseason  Battery 

Number 

2 

4 

3 

5 

Parameter  Profile 

6 

8 

7 

9 

End-of-Discharge  Voltage  Trend 

10 

11 

10 

11 

Load  Sharing  vs.  Cycle  Number 

Reconditioning  Discharge 

12,  13 

16,  17 

14,  15 

18,  19 

Voltage  Profile 
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ic  periods  for  each  cycle  of  the  eclipse  season. 


24  Hour  Cycle 

Charge 

Time 

Discharge  Time 

Hours 

Minutes 

Minutes 

23 

40 

20 

23 

32 

28  . 

23 

25 

35 

23 

20  ' 

40 

23 

17 

43 

23 

13 

47 

23 

10 

50 

23 

07 

53 

23 

04 

56 

23 

02 

58 

23 

00 

60 

22 

58 

62 

22 

56 

64 

22 

58 

66 

22 

53 

67 

22 

52 

68 

22 

51 

69 

22 

50 

70 

22 

50 

70 

22 

49 

71 

22 

49 

71 

22 

48 

72 
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Operation  in  the  0  diode  configuration  (no  compensation)  suggests  that 
load  sharing  imbalances  more  extreme  than  the  72/28  percent  observed, would 
cause  degradation  due  to  insufficient  charging  of  the  22-cell  battery  and 
excessive  overcharging  of  the  21-cell  battery.  One-diode  compensation  re¬ 
sulted  in  stable,  satisfactory  operation  during  Season  2. 

3.0  Discussion  of  Results 
3.1  Season  1 

Figure  1  describes  the  configurations  used  during  the  Season  1  evaluation. 
Note  that  S/N  3-43  is  a  21  cell  battery  and  S/N  3-36  is  a  22  cell  battery. 

The  charge/discharge  configuration  was  varied  during  Season  1  to  evaluate  the 
f ol 1 owi ng : 

•  "0"  diode  case;  (no  load  balancing  attempted)  cycles  1-29. 

•  "1"  diode  case;  cycles  30-32 

•  ''2"  diode  case;  cycles  33-45 

Charge/discharge  durations  for  Cycles  1-32  simulate  eclipse  season  cycling  as 
defined  in  Table  2.  All  succeeding  cycles  are  of  fixed  duration  (charge  for 
22  hours  48  minutes;  discharge  72  minutes).  Cycles  39-45  were  charged  using 
a  special  regime  aimed  at  equalizing  the  state-of-charge  of  the  batteries.  The 
state-of-charge  dispersion  was  a  direct  result  of  the  poor  load  sharing  during 
the  "0"  diode  operation.  The  charge  regime  consisted  of  the  following: 

4  Set  the  maximum  bus  current  at  5.0  amperes  with  a  bus  voltage  set 
at  32.4V. 

•  Charge  until  the  battery  temperatures  are  5°F  above  the  minimum  re¬ 
charge  temperature. 

9  When  the  last  battery  temperature  Increases  5°F  increase  the  bus 
voltage  to  33.4V  and  remove  the  shorting  straps. 

Figures  2  and  3  depict  typical  midseason  voltage,  current,  temperature  vs. 
time  relationships  for  S/N  3-36  and  S/N  3-43  respectively.  The  poor  load  sharing 
(approximately  70-30)  occurring  is  reflected  in  the  parametric  responses. 
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•  Voltage  -  The  S/N  3-43  battery  voltage  peaked  at  about  four  hours 
and  fell  off  to  a  plateau  indicating  that  it  went  into  overcharge 
early  in  the  cycle.  S/N  3-36  never  did  peak  and  was  climbing 
sharply  at  the  end  of  the  cycle.  S/N  3-36  was  probably  still  accept¬ 
ing  charge  at  the  end  of  the  cycle. 

•  Temperature  -  The  temperature  curves  are  consistent  with  the  above 
assumption  that  S/N  3-43  is  fully  charged  and  S/N  3-36  may  not  be. 

•  Current  -  Average  charging  currents  are  not  significantly  different. 


Figures  6  and  7  show  the  end-of-discharge  voltage  trend  with  respect  to 
cycle  number  for  Batteries  S/N  3-36  and  S/N  3-43. 

Cycles  1-29  represent  eclipse  season  cycling  (Table  1)  with  a  fixed  con¬ 
figuration.  Note  that  the  midseason  dispersion  of  S/N  3-36  values  is  greater 
than  for  the  S/N  3-43  case.  This  is  consistent  with  the  previous  observation 
that  S/N  3-43  is  receiving  considerable  overcharge  and  S/N  3-36  is  not. 

Prior  to  Cycle  30  the  system  was  reconfigured  to  cause  S/N  3-36  to  have 
one  diode  in  its  circuit  and  S/N  3-43  to  have  none.  The  S/N  3-36  end-of-dis¬ 
charge  voltage  increased  about  0.5  volts  and  the  load  sharing  Improved. 

Prior  to  Cycle  33  a  second  diode  was  added  to  the  S/N  3-36  circuit  and  the 
end-of-discharge  voltage  Increased  another  0.5  volt. 

The  Increased  scatter  of  voltages  observed  with  S/N  3-36  may  be  attributed 
to  a  lower  state-of-charge. 


Load  sharing,  represented  in  Figure  10  as  the  percent  of  the  load  carried 
by  S/N  3-36,  occurred  at  three  levels.  These  levels  correspond  to  discharge 
configurations  in  which  the  one-cell  difference  between  batteries  is  compensated 
by  0,  1  and  2  diodes. 

With  no  diode  compensation  S/N  3-36  carried  70-75%  of  the  load.  The  addi¬ 
tion  of  two  diodes  in  the  S/N  3-36  circuit  compensated  for  1.0  volts  of  the 
approximately  1.2  volt  difference  and  reduced  the  load-share  to  50-52% 
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Figures  12,  13,  14  and  15  depict  the  reconditioning  discharge  voltage 
profiles  observed  after  Season  1. 

The  following  points  are  noted: 

•  Some  evidence  of  second  plateau  voltage  suppression  can  be  seen 
during  the  last  10%  of  the  initial  discharges. 

•  An  additional  voltage  suppressing  feature  is  seen  starting  at 
about  30%  depth-of-discharge.  Inspection  of  individual  cell 
data  indicates  that  the  shape  change  occurred  in  all  cells.  The 
cause  of  the  shape  change  is  not  apparent  at  present. 

3.2  Season  2 


Season  2  was  run  exclusively  with  the  one  diode  discharge  configuration 
as  indicated  in  Figure  1. 

Figures  4  and  5  depict  typical  midseason  voltage,  current,  and  temperature  vs. 
time  relationships  for  S/N  3-36  and  S/N  3-43  respectively.  The  parametric  re¬ 
sponses  are  generally  similar  to  those  observed  during  Season  1. 

•  Voltage  -  The  S/N  3-43  battery  voltage  peaked  at  about  nine  hours 
into  the  charge  and  fell  of  to  a  plateau,  indicating  that  it  went 
into  overcharge  early  in  the  cycle.  During  Season  1  an  equivalent 
peak  occurred  at  about  four  hours.  The  displacement  of  the  peak 
is  explained  by  the  difference  in  discharge  configuration.  Cycle 
20  of  Season  1  was  run  with  no  diode  compensation;  Cycle  20  of 
Season  2  was  run  with  one  diode  compensation. 

•  Temperature  -  The  temperature  curves  are  consistent  with  the  dis¬ 
cussion  of  the  voltage  parameter  and  are  similar  to  the  Season  1, 
Cycle  20  experience. 

•  Current  -  Average  charging  currents  are  not  significantly  different. 
Once  again  this  is  similar  to  the  Season  1,  Cycle  20  observation. 

Figures  8  and  9  show  the  end-of-dlscharge  voltage  trend  with  respect  to 
cycle  number  for  Batteries  S/N  3-36  and  S/N  3-43.  Direct  comparison  with 
Season  1  data  Is  difficult  as  only  Cycles  30,  31,  and  32  of  Season  1  were  run 
with  the  one  diode  configuration  used  throughout  Season  2.  With  the  exception 
of  the  Season  1,  Cycle  32  data  point  for  S/N  3-36,  which  appears  anomalous, 
the  curves  suggest  that  the  Season  2  data  is  about  0.1  volt  lower  than  the 
Season  1  data. 
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Load  sharing  is  presented  as  a  function  of  cycle  number  in  Figure  11. 

Once  again  comparison  with  Season  1  data  is  difficult  as  only  Cycles  30,  31, 
and  32  of  Season  1  utilized  the  one  diode  discharge  configuration.  Two  obser¬ 
vations  are  made: 

•  Season  1  (Figure  10)  load  sharing  during  the  three  cycles  utilizing 
the  one-diode  configuration  was  66/34".  Load  sharing  during  the 
same  one-diode  configuration  of  Season  2  was  60/40".  Considering 
the  limited  data  available  no  explanation  is  attempted. 

•  The  shape  of  the  Season  1  and  Season  2  curves,  during  the  first 
twenty-nine  cycles,  is  similar. 


The  reconditioning  discharge  voltage  profiles,  following  Season  2  operations 
are  plotted  in  Figures  16  through  19. 

The  average  Preseason  3  reconditioning  discharge  capacity  for  S/N  3-36 
was  0.4  Ah  lower,  and  for  S/N  3-43  0.6  Ah  higher,  than  observed  during  the  Pre¬ 
season  2  reconditioning.  This  divergence  may  be  related  to  the  different 

eclipse  season  battery  parameter  profiles  (Figures  4,  5)  which  cause  S/N  3-43 
to  receive  a  great  deal  of  overcharge  and  S/N  3-36  to  receive  very  little. 
Large  amounts  of  overcharge  are  known  to  increase  positive  capacity  and  in¬ 
sufficient  overcharge  can  cause  capacity  loss.  This  explanation  must  be  re¬ 
garded  as  speculative  at  this  point  as  the  differences  are  small  and  only  two 
seasons  have  been  run. 
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Reference  1:  "DPA  of  777  15-Ah  Ni-Cd  Cells,  S/N  127-101  and  018-L02", 

IOC  #78-3725.2-1 52,  L.  P.  Hack,  27  July  1978 

Reference  2:  "Procedure  for  Analysis  of  Nickel-Cadmium  Cell  Materials", 
NASA  GSFC  X-711 -74-279,  G.  Halpert  et  al ,  October  1974 

Reference  3:  "Results  and  Discussion  of  the  DPA  Procedure  for  FLTSATCOM 

Cells,  S/N  035-08  and  047-09",  IOC  178-8725.2-008,  L.  P.  Mack, 
12  January  1978 


Reference  4:  "Spacecraft  Battery  Testing  -  4  Year  Life",  Report  #164  39- 
93-002-601  (DSP),  9  April  1976 


!•  INTRODUCTION 

This  memo  presents  the  results  of  destructive  physical  (and  chemical) 
analysis  of  (DPA)  of  sample  nickel-cadmium  battery  cells.  Part  No.  8E005, 

12  ampere-hour  nominal  capacity.  General  Electric  Catalog  No.  42B012AB24, 

Lot  Nos.  1,  2,  5  and  6.  Lots  1  and  2  were  those  from  which  the  batteries 
on  board  777  flights  7  and  8  were  made,  whereas  Lots  5  and  6  were  those 
from  which  the  batteries  on  777  flights  11  and  12  were  made.  The  cells 
analyzed  had  just  been  removed  from  cold  storage  following  acceptance 
testing. 

The  analysis  reported  herein  was  performed  in  October  1978.  DPA  was 
not  done  on  the  12  Ah  (8E005)  cells  at  the  time  of  receipt  of  the  cells 
at  TRW  (1976)  because  this  procedure  had  not  been  Instituted  for  the  777 
program  at  that  time. 

DPA  had  been  performed  on  two  lots  of  777  15  Ah  cells,  P/N  8E009,  Lot 
Nos.  1  and  2,  Immediately  following  acceptance  testing,  in  January  1978. 

This  analysis  was  done  at  that  time  because  the  procedure  had  been  estab¬ 
lished  at  the  time  these  cells  were  received  (late  In  1977).  The  results 
of  this  analysis  are  described  In  Reference  1.  Note  that  there  are  Lot 
Nos.  1  and  2  for  both  12  Ah  (P/N  8E005)  and  15  Ah  (P/N  8E009)  cells.  This 

Is  because  the  cell  manufacturer  serializes  each  different  type  of  cell  separately. 
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2.  GENERAL  PROCEDURE  AND  SAMPLING 

Three  cells  from  each  of  four  lots  of  8E005  cells  on  hand  were  opened 
and  all  plates  and  separators  from  these  cells  were  visually  inspected.  Then 
ten  positive  plates,  ten  negative  plates,  and  ten  separators  from  each 
lot  (five  positives,  negatives,  and  separators  from  each  of  two  cells  from 
each  lot)  were  further  tested  and  analyzed.  Characteristics  determined  were: 

•  Visual  appearance  of  plate  surfaces  and  separators. 

•  Thickness  of  plates. 

•  Electrolyte  analysis  of  plates  and  separators. 

•  Nickel  active  material  and  metallic  nickel  in  positive  plates. 

•  Cadmium  active  material  and  charged  cadmium  material  in  negative  plates 

•  Nickel  and  cadmium  in  the  separators. 

Details  of  analytical  methods  used  are  given  in  Reference  1  and  2. 

In  addition,  a  number  of  positive  and  negative  plates  were  taken 
from  these  cells  and  subjected  to  electrochemical  stress  testing  in 
excess  electrolyte.  The  results  of  this  testing  is  described  in  a 
separate  report . 

'3.  RESULTS  OF  DPA 

3 • 1  Visual  Inspection 

3.1 .1  General  Observations 

The  general  appearance  of  the  cell  terminals,  plate  tabs,  and  outside 
surfaces  of  the  plate  packs  was  normal  for  General  Electric  cells.  The 
degree  of  "wetness"  (amount  of  electrolyte  in  the  pores  of  the  plates  and 
separators)  observed  during  separation  of  the  plates  also  appeared  in  the 
normal  range,  with  some  areas  of  negative  plates  appearing  quite  dry  (as 
often  seen  in  G.E.  cells). 

3.1.2  Negative  Plates 

The  texture  and  general  condition  of  the  negative  plate  surfaces  were 
about  as  usually  seen  In  G.E.  cells.  A  light  deposit  of  very  small  crystals 
of  Cd(0H)?  was  seen  under  the  stereo-microscope  (20  to  60  x)  on  most  of  the 
negative  plate  surfaces.  The  appearance  of  the  surfaces  was  not  uniform, 
however,  with  respect  to  color,  brightness,  and  occurrence  of  Cd(0H)2 
deposits.  Most  plates  showed  variations  from  light,  silvery  appearance 
with  little  or  no  visible  deposits  (usually  near  the  top  of  the  plates)  to 
a  darker,  dull  appearance  with  deposits  (usually  near  the  bottom  of  the 
plates).  These  variations  appeared  to  correspond  with  a  relatively  low 
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electrolyte  content  near  the  top  and  to  a  relatively  high  electrolyte 
content  near  the  bottom.  This  effect  has  been  seen  in  other  G.E.  cells 
opened  in  the  past,  but  since  the  appearance  is  difficult  to  quantity, 
it  cannot  be  said  whether  the  degree  seen  in  these  cells  was  greater  or 
less  than  "normal". 

3.1.3  Positive  Plates 

The  positive  plates  showed  a  greater  variety  of  features  than  did  the 
negative  plates,  as  is  usual.  A  majority  of  the  positive  plates  from  all 
lots  showed  at  least  one  and  usually  many  round  black  spots  ranging  up  to 
1/4  inch  in  diameter.  Some  plates  showed  irregularly-shaped  small  black 
areas,  referred  to  as  "black  specks".  Others  showed  dark  brown  to  black 
parallel  bands  running  straight  across  the  width  of  the  plates.  Still 
others  (less  numerous)  showed  areas  covered  with  a  layer  of  black  material 
that  appeared  to  have  been  spilled  or  splashed  onto  the  surface.  These 
features  occur  frequently  on  positive  plates  made  by  G.E.  and  are  thus 
considered  "normal"  for  G.E.  cells. 

Several  other  features  that  were  not  considered  normal  were  observed 
on  some  of  the  pos  l.ive  plates.  The  nature  and  frequency  of  occurrence 
of  these  is  summarized  in  Table  1.  Definitions  of  the  names  given  to 
these  features  are  given  at  the  bottom  of  the  table. 

Only  one  of  the  types  of  special  features  shown  in  Table  1  was 
investigated  further  within  the  scope  of  the  DPA.  One  of  the  plates 
having  black  spots  was  dried,  encapsulated  in  epoxy  resin,  and  sectioned 
through  a  "black  spot".  A  photograph  of  the  result  is  shown  in  Figure  1, 
wherein  the  section  is  tilted  at  an  angle  to  show  the  spot  on  the  original 
plate  surface.  Note  the  non-uniform  distribution  of  nickel  active  material 
(black  color)  In  the.  cross-section  of  the  plate,  and  the  relatively  Intense 
black  color  under  the  spot  Itself.  A  close-up  view  (75  x)  of  this  section 
Is  shown  In  Figure  2.  The  non-uniform  distribution  of  active  material  may 
be  seen  here  also  at  the  micro  level. 
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FIGURE  1.  SECTION  THROUGH  BLACK  SPOT  ON 
A  POSITIVE  PLATE  (12X) 
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Table  1  -  Unusual  Features  on  Positive  Plates 
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3.1.4  Separators 

The  separators  appeared  generally  normal.  However,  dark  (dark  grey  to  black)  spots 
v/ere  seen  on  at  least  one  bag  from  each  cell  inspected.  Spotting  was  most  frequently 
along  the  top  edge  of  the  plates,  just  outside  of  the  plate  boundary.  Other  spots 
occurred  along  the  long  edges  and  along  the  bottom  edges  of  the  plates  and  in  contact 
with  black  areas  in  the  main  surface  of  the  plate.  Under  the  microscope  these  spots 
on  the  separator  appeared  "oily"  and  appeared  to  have  partially  penetrated  into  the 
separator  fabric.  No  complete  penetration  of  the  separator  layer  was  seen.  The  black 
material  has  not  yet  been  positively  identified.  A  preliminary  qualitative  analysis 
done  by  Electron  Microprobe  indicated  the  presence  of  both  cadmium  and  nickel. 

3.2  Plate  Thicknesses 

Average  thickness  per  plate  for  positive  plates  ranged  from  0.027  to  0.029  inch 
(raised  spots  and  bumps  excepted).  This  thickness  is  normal  for  G.E.  positive  plates 
after  acceptance  testing,  during  which  a  thickening  of  the  order  of  10  percent  from  the 
original  range  of  0.026  to  0.028  is  usually  observed.  Average  thickness  of  negative 
plates  ranged  from  0.031  to  0.033  inch,  indicating  essentially  no  change  during  accept¬ 
ance  testing,  as  expected. 

3.3  Electrolyte  Content  and  Analysis 

Electrolyte  contents  (as  measured  by  the  weight  of  water  soluble  material  extracted) 
were  as  shown  in  Table  2.  These  values  compare  favorably  with  values  seen  in  other  G.E. 
cells  with  similar  histories  (References  1,  3  and  4). 

Hydroxide  apd  carbonate  concentrations,  obtained  from  electrolyte  extracted  from 
the  components,  are  shown  for  each  lot  in  Table  3.  The  levels  shown,  and  the  ratios 
of  carbonate  to  hydroxide  (carbonate  concentration  8-12  percent  of  hydroxide)  are  in 
the  normal  range. 

3.4  Positive  Plate  Chemical  Analysis 

3.4.1  Total  Nickel  Active  Material  Content 

Values  for  total  nickel  active  material  (i.e.,  the  sum  of  charged  and  discharged 

nickel  compounds,  not  Including  metallic  nickel)  are  shown  in  the  first  column  of 

Table  4.  Each  value  shown  Is  for  plates  from  an  individual  cell  as  shown.  Those  values 
2 

below  12.5  g/dm  are  below  normal. 
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Table  2  Electrolyte  Contents  of  (g/dnr)  -  Range 
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Table  4  Positive 

Plate  Chemical  Analysis  Data 

Cell  Lot/ 
Serial  No. 

Total 

Nickel 

Active 

Equivalent 

Theoretical 

Positive 

Capacity 

Per  Cell 
(Ah) 

Metallic 
Nickel  (2) 
(q/dnr ) 

Ratio  of 
Nickel  Metal 
to  Nickel 
Active 
Material 

Lot  1-185 

12.45 

20.21 

7.81 

0.629 

-222 

12.32 

20.00 

7.80 

0.633 

Lot  2-072 

13.54 

21.98 

7.26 

0.535 

Lot  5-049 

11.66 

18.93 

7.31 

0.625 

-127 

13.37 

21.70 

7.89 

0.592 

Lot  6-063 

11.75 

19.07 

7.09 

0.602 

-096 

12.30 

19.97  . 

7.13 

0.578 

(1)  Calculated  as  Ni(0H)2  (2)  Calculated  as  Ni 


Table  5  Negative  Plate  Chemical  Analysis  Data 


Cell  Lot/ 
Serial  No. 

Total 

Cadmi urn 

Active 

Equivalent 

Theoretical 

Negative 

Capacity 

(Ah) 

Residual 

Charged 

Cadmium 

Active 

W0) 

Equivalent 
Residual 
Charged 
Capaci ty 
Per  Cell 
Mh) _ 

Lot  1-185 

16.17 

37.8 

2.4 

5.6 

-222 

16.75 

39.2 

4.3 

10.1 

Lot  2-072 

16.50 

38.6 

0.8 

1.9 

158 

17.26 

40.4 

1.4 

3.3 

Lot  5-049 

16.18 

37.9 

3.0  •  . 

7.0 

-127 

16.72 

39.2 

1.2 

2.8 

Lot  6-063 

17.49 

40.9 

2.1 

4.9 

-096 

16.69 

39.1 

1.0 

2.3 

(1)  Calculated  as  Cd(0H)2 
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3.4.2  Metallic  Nickel  Content 

Values  for  metallic  nickel  in  the  sintered  matrix  are  shown  in  Table  4  for  a 

number  of  individual  cells.  These  values  do  not  include  the  nickel  plating  on  the 

substrate.  Since  the  nickel  content  of  the  sinter  of  this  plate  material  prior  to 

2 

impregnation  is  about  lOg/dm  ,  the  values  in  Table  4  imply  20  to  30%  loss  of  nickel 
by  acid  attack  during  impregnation.  Little  data  on  this  characteristic  is  available 
for  comparison. 

The  ratio  of  metallic  nickel  to  active  material  in  the  sinter  is  shown  at  the 
right  in  Table  4.  The  cell  manufacturer  has  stated  that  the  inherent  strength  of  the 
sinter  is  a  function  of  this  ratio. 

3.5  Negative  Plate  Chemical  Analysis 

3.5.1  Total  Cadmium  Active  Material  Content 

Values  for  total  cadmium  active  material  (charged  +  uncharged)  are  shown  in  Table 
5.  These  values  are  close  to  that  specified  by  the  manufacturer  for  this  plate  material. 

3.5.2  Residual  Charged  Cadmium  Content 

Values  for  the  content  of  charged  cadmium  remaining  in  the  negative  plates  at  the 
time  the  cells  were  opened  is  shown  at  the  right  in  Table  5.  Theoretically  the  residual 
charged  negative  capacity  in  these  particular  cells  should  be  equal  to  the  total  pre¬ 
charge  (active  plus  inactive),  as  these  cells  had  not  been  discharged  below  zero  volt  be¬ 
fore  the  analysis  for  charged  cadmium  was  performed.*  For  these  cells  total  precharge 
should  have  been  6-8  Ah.  One  cell  (Lot  1-222)  was  thus  quite  high,  and  four  out  of 
eight  were  low.  These  low  values  were  not  unexpected  because  it  is  known  that  low  re¬ 
sults  are  often  obtained  where  this  analysis  is  performed  before  the  cell  has  been 
electrochemically  discharged  down  to  -0.5  or  -1  volt.  Thus  the  results  of  the  negative 
plate  analysis  on  these  cells  show  no  abnormalities. 

3 . 6  Analysis  of  Separators  for  Included  Nickel  and  Cadmium 

Several  representative  separator  bags,  some  containing  black  stains  as  described 
in  Section  3.1.4,  were  analyzed  for  nickel  and  cadmium  content  as  follows:  Each  bag 
was  brushed  free  of  loosely  adhering  particles,  then  placed  in  a  small  beaker  containing 
50  ml  of  2N  hydrochloric  acid  and  allowed  to  soak  for  30  minutes  or  until  all  colored 
material  had  been  removed  from  the  separator. 

♦The  analysis  was  purposely  abbreviated  relative  to  that  normally  done  on  newly-received 

cells,  as  a  detailed  analysis  of  the  statc-of-charge  of  the  negative  electrode  was  not 
required  under  the  circumstances. 

A5-11 


DSCS-C3-503 
79-8725.2-092 
2  May  1979 
page  11 


The  solution  was  decanted  away  from  any  insoluble  material.  Ten  ml  of  1.1 
of  nitric  acid  was  added  to  the  beaker  and  heated  to  boiling  to  dissolve  any 
residue.  The  two  solutions  were  then  combined  and  diluted  to  100  ml.  This 
final  solution  was  analyzed  for  Ni  and  Cd  by  the  Atomic  Absorption  method. 
The  results  are  shown  in  Table  6. 


Table  6  -  Nickel  and  Cadmium  Contents  of  Separators 


Lot  Number 


Nickel  Material  Cadmium  Material 

(as  g  Ni (0H)2  per  bag)  (as  g  Cd(0H)2  per  bag) 


1 

2 

5 

6 


0.0017  -  0.0038 
0.0034  -  0.005 
0.0032 
0.003 


0.028  -  0.034 
0.034  -  0.045 
0.022 
0.035 


The  total  area  of  separator  material  (one  thickness)  per  bag  is  1.17^dm  . 
Thus  the  above  figures  are  approx,  the  average  concentrations  per  dm  of 
separator.  No  data  base  exists  for  nearly-new  cells  from  which  these 
values  may  be  judged.  The  concentrations  shown  for  nickel  are  an  order 
of  magnitude  lower  than  those  found  in  one  cycled  cell  'whereas  those 
shown  for  cadmium  are  about  half  of  those  found  for  a  cycled  cell 

It  must  be  noted  that  most  of  the  nickel  and/or  cadmium  material  in 
these  separators  was  located  in  less  than  10  percent  of  the  total  separator 
area.  Hence  the  concentration  in  these  local  areas  must  have  been  an 


order  of  magnitude  greater  than  the  average  values  shown  in  Table  6. 
The  consequences  of  these  deposits  are  not  known  at  this  time. 


(1)  "Low  Earth  Orbit  Battery  Development  Project",  AFAPL-TR-72-60, 
C.  E.  Maiden  et  al ,  July  1972,  pp.  285-297. 
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4.  DISCUSSION 

4.1  Visual  Features 

4.1.1  Visual  Effects  on  Negative  Plates 

The  only  visual  effect  of  concern  on  the  negative  plates  was  the  uneven 
distribution  of  wetness  and  corresponding  uneven  distribution  of  evidence  of 
activity  on  many  negative  plates.  This  phenomenon  indicates  that  the  cell 
current  was  flowing  through  a  plate  area  smaller  than  the  total  apparent 
plate  area,  and  thus  the  current  density  in  the  active  areas  was  higher  than 
necessary.  Although  no  significant  affect  oh  electrical  characteristics 
attributable  to  this  phenomenon  has  been  identified,  there  could  be  local¬ 
ized  areas  in  these  cells  where  current  density  is  much  greater  than  the 
average,  thus  overstressing  the  plates  during  overcharge  even  at  rates  that 
are  pressured  "safe”  on  a  cell-average  basis.  Thus  more  attention  should  be 
given  to  assuring  that  the  electrolyte  becomes  evenly  distributed  over  all 
the  plate  area  early  in  life  of  the  cells. 

4.1.2  Visual  Effects  on  Positive  Plates 

The  various  black  features  on  positive  plate  surfaces  indicated  as 
"normal"  in  Section  3.1  are  the  result  of  the  cell  manufacturer's 
interpretation  and  his  method  of  compliance  with  his  standard  Manufacturing 
Control  Document  (MCD)  which  was  used  for  the  cells.  Although  we  have 
been  concerned  for  many  years  about  the  possible  long-term  deleterious 
effects  of  these  black  deposits,  we  have  had  no  proof  that  they  are  a 
potential  problem.  Thus,  in  spite  of  our  reservations  we  had  approved 
G.E.'s  standard  MCD  which  allows  certain  black  features  up  to  certain 
levels  of  size,  intensity,  and  frequency. 

The  features  summarized  in  Table  1  are  not  covered  by  existing 
descriptions  and  criteria  in  G.E.'s  standard  MCD,  either  because  they 
have  not  occurred  frequently  enough  to  be  recognized,  or  they  do  not 
appear  at  all  in  plates  at  the  point  in  their  history  when  they  are 
inspected  during  cell  manufacturing.  Because  of  this,  a  number  of  examples 
of  the  different  features  In  Table  1  were  shown  to  and  reviewed  with 
General  Electric  representatives. 
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The  latter  took  the  position  that  all  the  plates  in  question  were  of 
"aerospace  quality"  and  should  not  result  in  cell  failure.  TRW  does 
not  necessarily  agree  with  the  assessment  of  6.E.,  and  hence  further  test¬ 
ing  is  called  for  to  attempt  to  resolve  this  issue. 

Results  of  plate  stress  tests  to  date  show  that  some  black  spots  and 
deposits  of  surface  hydrates  do,  under  flooded  and  unsupported  conditions, 
produce  lumps,  blisters,  and  plate  distortion,  and  hence  may  lead  to  cell 
shorting.  Such  effects  have  not  yet  been  observed  in  sealed  cells  (under 
normal  compression),  however. 

4.1.3  Visual  Effects  in  the  Separators 

The  black  deposits  seen  in  the  separator,  if  they  prove  to  contain  posi¬ 
tive  plate  material  could  possibly  result  in  shorting  paths  if  they  penetrate 
the  separator.  Hence  the  mechanism  of  their  formation  and  development  bears 
further  investigation.  Such  an  investigation  was  beyond  the  scope  of  this 
DPA,  however. 

■4.2  Chemical  Analysis  of  Plate  Materials 
4.2.1  Analysis  of  Positive  Plate 

The  below-normal  values  of  total  nickel  active  material  found  in  some 
cells  are  of  no  known  concern,  for,  as  may  be  seen  by  the  theoretical  positive 
capacities  shown  in  Table  4,  all  cells  have  a  significant  excess  of  positive 
active  material  over  the  measured  15  Ah  of  electrochemical  capacity.  Also, 
the  fact  that  the  measured  capacities  of  these  cells  were  more  uniform  than 
the  analysis  values  suggests  that  the  chemical  analysis  itself  may  have  intro¬ 
duced  some  variability  in  the  results  for  some  samples. 

The  degree  of  acid  attack  on  the  nickel  sinter  (during  impregnation)  indi¬ 
cated  by  the  residual  nickel  shown  in  Table  4  (20-30  percent)  is  larger  than 
desirable  for  highest  reliability  for  long  life  applications.  However,  no  quan¬ 
titative  relationship  has  been  established  between  acid  attack  and  plate  in¬ 
tegrity.  It  is  of  interest  to  note  that  the  weight  ratios  shown  to  the  far 
right  column  of  Table  4  correspond  to  volume  ratios  in  the  range  of  (1  vol . 
Ni/3.7  vol.  NiOx)  to  (1  vol.  Ni/3.1  vol.  NiOx)  based  on  a  bulk  density  of  4  g/ml 
for  nickel  active  material. 
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4.2.2  Analysis  of  Negative  Plate 

The  data  for  total  cadmium  and  excess  charged  cadmium  in  Table  5  all  fall 
within  the  normal,  expected  ranges.  The  relatively  low  values  for  excess 
charged  cadmium  in  some  cells  resulted  from  inadvertent  exposure  of  the  nega¬ 
tive  electrodes  to  air  during  processing,  whereby  cadmium  is  chemically  "dis¬ 
charged"  by  reaction  with  oxygen.  Excess  charged  cadmium  was  not  considered  a 
key  parameter  at  the  time  of  these  analyses,  and  so  these  values  were  allowed 
to  stand.  Note  that  no  flooded  electrode  capacity  measurements  were  made  as 
part  of  the  DPA  reported  herein. 

4.3  Nickel  and  Cadmium  Content  of  Separators 

From  the  appearance  and  analysis  of  the  dark  deposits  found  in  the  separa¬ 
tors  of  some  of  the  cells  inspected  (See  Section  3.1.4),  the  deposits  were 
primarily  loose  negative  (cadmium)  plate  material,  but  not  of  the  type  produced 
by  the  usual  form  of  "cadmium  migration"  produced  by  cycling.  Instead  the 
material  appeared  to  have  come  off  the  surface  or  out  of  the  pores  of  the  nega¬ 
tive  plates  in  the  form  that  it  exists  in  new  plates,  i.e.,  microcrystalline 
Cd(0H)2  mixed  with  nickel  powder.  This  type  of  deposit  has  not  been  noticed 
before  in  other  cells  with  this  same  prior  history.  However,  in  these  prior 
inspections  the  separators  had  not  been  examined  as  carefully  as  in  the  present 
case.  Furthermore,  careful  inspection  of  separators  from  some  FLTSATCOM  cells 
recently  subjected  to  DPA  has  revealed  similar  spotting.  Hence  the  777  cells 
are  not  unique  in  this  respect. 

The  consequences  of  these  deposits  are  not  known  at  this  time.  The  fact 
that  the  heaviest  deposits  are  outside  the  plate  stack  and  hence  not  between 
the  plates  may  suggest  that  they  will  have  no  impact  on  cell  reliability.  To 
date,  a  number  of  cells  from  these  same  lots  have  been  subjected  to  considerable 
cycling  in  ground  testing.  Additional  DPA  of  some  cycled  cells  may  shed  more 
light  on  this  question. 

5.  CONCLUSION 

Although  many  of  the  cells  Inspected  from  Lots,  1,  2,  5,  and  6  showed 
visual  features  that  were  unusual  and  which  were  considered  generally  undesir¬ 
able,  nothing  was  found  that  could  be  said  to  lead  directly  to  rapid  degradation 
and/or  shorting  under  777  orbital  operating  conditions.  More  valuable  informa¬ 
tion  is  to  be  expected  from  DPA  of  cells  after  cycle  testing. 
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Abstract 


A  12  ampere-hour  sealed  nickel -cadmium  spacecraft  cell  that  had  shorted 
during  accelerated  testing  was  subjected  to  destructive  analysis  to 
determine  the  nature  and  possible  cause  of  the  short.  Several  uncon¬ 
ventional  procedures  were  used  during  the  analysis,  including  measure¬ 
ment  of  impedance  between  individual  pairs  of  plates,  and  encapsulation 
and  metal lographic  sectioning  of  the  shorted  plates. 

The  point  of  the  short  was  indicated  by  the  damage  produced  by  the  energy 
of  cell  discharge.  Sectioning  showed  that  the  short  actually  involved 
three  plates:  two  positive  and  one  negative  plate  between.  The  damage  at 
the  point  of  shorting  was  so  severe  that  no  evidence  remained  to  show  the 
original  cause  or  mechanism  of  shorting. 
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Reference:  IOC  79-8725.2-129  (DSCS-C3-504) ,  "777  Program,  Cell 
Characterization  and  Overcharge  Test",  C.  Lurie  to 
C.  Sollo,  23  May  1979 


1.  INTRODUCTION 

This  report  describes  the  results  of  a  destructive  analysis  of  a  nickel- 
cadmium  cell  that  failed  by  shorting  during  an  electrical  test  being  performed 
in  connection  with  the  777  Spacecraft  7  and  8  battery  anomaly  investigation. 

The  test  leading  to  this  failure  is  reported  in  the  reference.  The  cell  in 
question  was  a  General  Electric  12  Ah  cell,  GE  Catalog  Number  42B012AB24,  TRW 
Part  No.  8E005,  Serial  Number  171-101  (i.e.,  Lot  No.  1). 

2.  APPROACH  AND  PLAN 

An  approach  different  from  that  normally  used  with  shorted  cells  was  con¬ 
ceived  for  this  cell.*  In  order  to  attempt  to  preserve  the  structure  of  the 
short  as  much  as  possible  and  to  characterize  the  shorting  path  with  respect 
to  involvement  of  both  the  positive  and  negative  plates  in  their  original  spatial 
relationship,  the  plates  actually  involved  in  the  short  per  se  were  not  separated 
from  each  other,  but  instead  were  encapsulated  in  a  resin  and  cross-sectioned  to 
examine  the  shorting  path.  Prior  to  opening  the  cell,  however,  the  electrical 
nature  of  the  short  was  carefully  tested  to  determine  whether  the  short  was 
truly  ohmic  or  not.  The  following  outline  lists  the  steps  by  which  the  overall 
analysis  was  carried  out: 


*A  survey  of  several  organizations  throughout  the  country  that  had  dealt  with 
shorted  cells  indicated  that  normally  all  the  plates  within  the  cell  were 
physically  separated  and  that  the  thereby  exposed  surfaces  were  inspected  to 
locate  and  describe  the  short. 
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a)  Test  cell  for  I-V  characteristics  of  short. 

b)  Cut  case  walls. 

c)  Cut  plate  tabs  and  locate  individual  shorted  plates. 

d)  Remove  plate  pack  from  case  constraint  and  remove  non- 
involved  plates  from  pack. 

e)  Encapsulate  the  plates  including  the  short. 

f)  Prepare  and  characterize  a  number  of  cross-sections  in  the 
vicinity  of  and  through  the  location  of  the  shorting  path. 

3.  RESULTS 

The  following  sections  describe  the  methods  used  for  and  the  findings  of 
the  steps  listed  above. 

3.1  Electrical  Testing  of  the  Short 

The  resistance  of  the  short  was  measured  accurately  and  the  nature  of  this 
resistance  (i.e.,  ohmic  or  non-ohmic)  was  determined  as  follows:  With  the  large 
cell  faces  under  constraint  (clamped),  a  precisely  measured,  variable  current  was 
passed  through  the  cell  (from  terminal  to  terminal),  in  each  direction,  while 
the  resulting  terminal  voltage  was  measured.  The  current  was  varied  from  zero 
to  +  0.4  amperes.  The  I-V  data  pairs  were  then  plotted  and  the  slope  of  the  best 
best  line  through  the  data  was  taken  as  the  resistance.  This  plot  is  shown  as 
Figure  1.  Note  that  all  of  the  points  fell  on  a  straight  passing  through  the 
origin,  indicating  a  true  ohmic  resistance.  Other  indicators  of  an  ohmic  resis¬ 
tance  noted  were  that  the  voltage  changed  immediately  to  a  stable,  final  value 
each  time  the  current  was  changed,  and  that  the  voltage  immediately  dropped  to 
less  than  0.0000  volt  each  time  the  current  source  was  disconnected.  As  may 
be  seen  from  Figure  1,  the  measured  resistance  of  this  cell  was  8.0mn. 

3.2  Cutting  the  Case  Walls 

The  case  walls  were  cut  in  three  places.  Cutting  was  done  using  a  6"  diamond 
tipped  cut-off  wheel.  This  type  of  cutting  tool  was  used  because  it  was  felt 
that  It  would  produce  less  vibration  (likely  to  disturb  the  short)  than  would  the 
steel  cutting  wheels  normally  used  to  cut  cell  walls. 
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The  three  cuts  were  made  all  the  way  around  the  four  sides  of  the  cell  at 
three  places:  just  below  the  cover  plate,  one-half  inch  below  the  uppermost 
cut,  and  just  above  the  cell  bottom  plate.  The  bottom  was  removed,  as  was 
the  strip  of  wall  material  between  the  two  upper  cuts;  thus  revealing  the 
plate  tabs.  At  this  point  it  was  seen  that  the  separator  material  appeared 
to  be  missing  between  the  plate  tabs  for  the  plates  in  the  center  of  the 
plate  pack.  The  resistance  of  the  cell  was  re-checked  at  this  point  and 
found  to  be  still  8  mn  and  ohmic. 

3.3  Cutting  of  Plate  Tabs  and  Location  of  Shorted  Plates 

To  facilitate  inspection  of  the  tab  area  and  cutting  of  tabs,  the  plate 
pack  (and  cover)  was  pushed  upward  with  respect  to  the  remainder  of  the  case  by 
about  one  inch.  Photographs  of  the  open  portion  of  the  cell  from  the  four  sides 
are  shown  in  Figures  2  through  5.  Note  that  the  separator  material  is  not  visi¬ 
ble  around  two  of  the  centennost  positive  plates  on  the  positive  plate  tab  end 
(Figure  4)  and  around  four  of  the  centermost  positive  plates  on  the  negative 
plate  tab  end  (Figure  5). 

While  continuously  passing  100mA  between  the  cell  terminals  and  measuring 
the  terminal  voltage  (to  monitor  the  resistance  characteristic),  the  plate  tabs 
were  cut  through  for  one  plate  at  a  time,  starting  with  the  outside  plates  and 
working  toward  the  center  of  the  plate  pack.  Only  the  negative  plate  tabs  were 
cut  at  first.  No  change  in  voltage  was  seen  after  the  tabs  of  the  first  six 
negative  plates  counting  from  the  side  facing  the  viewer  when  the  positive  ter¬ 
minal  is  toward  the  left  (designated  plates  N-l  through  N-6),  were  cut.  Also 
no  voltage  change  was  seen  when  the  tabs  of  plate  numbers  N-l 2  through  N-8  were 
cut  (working  inward  from  the  opposite  side). 

At  this  point  cutting  of  positive  plate  tabs  was  begun.  No  change  was  seen 
after  cutting  the  tabs  of  the  first  five  positive  plates,  designated  plate  num¬ 
bers  P-1  through  P-5,  and  of  the  first  four  on  the  opposite  side,  designated  P-11 
through  P-8.  This  was  as  expected  from  the  results  of  cutting  the  negative  plate 
tabs.  However,  when  the  P-7  tab  was  cut,  the  measured  terminal  voltage  increased 
by  about  50  percent;  Finally,  when  the  tab  of  plate  P-6  (the  last  remaining  un¬ 
cut  positive  plate)  was  cut,  the  circuit  was  open,  as  expected.  Hence  the  short 
appeared  to  be  between  plates  P-6  and  N-7,  with  some  participation  by  plate  P-7. 
The  orientation  of  the  group  of  plates  of  interest  is  shown  in  the  diagram  of 
Figure  6, 
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This  was  verified  by  connecting  current  and  potential  leads  directly  to 
the  tabs  of  plates  P-6  and  N-7,  whereby  a  resistance  of  12  itm  was  measured. 

A  similar  measurement  between  the  tabs  of  P-7  and  N-7  gave  unstable  voltage 
readings  at  100  mA,  with  the  voltage  increasing  relatively  rapidly  but  not 
instantaneously  to  about  400  mV  with  current  on,  and  decreasing  rapidly  to 
100  to  200  mV  with  the  current  off.  Thus  this  contact  was  non-ohmic. 

3.4  Removal  of  Plate  Pack  and  Non- Involved  Plates 

Using  a  special  ram  made  by  cutting  a  block  of  bulk  teflon  to  a  size  that 
just  fit  into  the  inside  of  the  case  at  the  open  bottom  end,  the  plate  pack  was 
pushed  out  the  top  end  of  the  case.  During  this  operation  the  resistance  bet¬ 
ween  plates  P-6  and  N-7  was  monitored,  and  was  found  to  not  change  appreciably 
from  12  mn  during  removal  of  the  plate  pack. 

While  continuing  to  monitor  the  resistance  between  plates  P-6  and  N-7,  the 
outer  plates  were  separated  as  follows:  Using  an  electrically-heated  knife, 
the  side  and  bottom  edges  of  all  separator  bags  were  cut  open.  Each  successive 
plate  was  then  carefully  lifted,  starting  at  one  corner,  until  free.  Separators 
were  found  all  to  be  adhering  to  the  adjacent  negative  plate  surfaces.  Hence 
the  surfaces  of  the  positive  plates  were  immediately  exposed  as  the  negative 
plates  were  removed. 

No  unusual  features  were  seen  on  the  plates  during  the  above  process  until 
reaching  negative  plate  N-4,  on  one  side  of  the  shorted  plates,  and  negative 
plate  N-9  on  the  other  side  of  the  shorted  plates.  Beginning  with  N-4  and  con¬ 
tinuing  through  Nt9,  separator  material  was  missing  from  both  upper  corners  of 
each  plate,  with  the  appearance  that  the  separator  had  been  melted  or  burned 
away  from  these  areas  (see  for  example  Figures  7  and  8).  In  addition,  a  round 
hole  was  seen  in  the  separator  on  both  faces  of  negative  plates  N-6  and  N-8. 

One  face  of  each  of  these  plates  is  shown  in  Figures  7  and  8.  During  separation 
of  negative  from  positive  plates  It  was  noted  that  separator  material  was  stuck 
to  the  adjacent  positive  plate  surface  around  the  perimeter  of  these  round  spots. 
Corresponding  burnetf-looking  spots  were  evident  on  the  exposed  faces  of  positive 
plates  P-6  (Figure  9)  and  P-7  (Figure  10).  It  was  surmised  that  the  position  of 
these  spots  was  the  position  of  the  shorting  path. 


A5-20 


At  this  point  plates  P-6,  N-7,  and  P-7  had  not  been  separated.  In  view 
of  the  inconclusive  indication  of  a  short  between  plates  N-7  and  P-7,  the 
adherence  between  these  two  plates  was  tested  and  found  to  consist  only  of 
the  sticking  of  separator  material  around  the  "burned"  spot,  as  had  been  ob¬ 
served  between  plates  P-6  and  N-6,  and  between  plates  P-7  and  N-8.  Therefore 
plate  P-7  was  removed  from  plate  N-7  leaving  plate  P-6  attached  to  plate  N-7. 

The  face  of  plate  P-7  that  previously  had  faced  plate  N-7  is  shown  in  Figure  11. 
The  negative  plate  (N-7)  and  separator  layer  that  had  faced  plate  P-7  are  shown 
in  Figure  12. 

Enlarged  views  of  the  "burned"  soots  on  several  of  these  plates  are  shown 
in  Figures  13  through  17.  The  pairs  of  photographs  in  Figures  13/14, 
and  15/16  show  spots  that  faced  each  other  in  the  pack.  Note  the  wide  range  of 

morphology  and  color  shown  by  the  affected  areas.  Analysis  of  several  points 
within  the  perimeter  of  the  spot  shown  in  Figure  15  using  the  Electron  Microprobe 
gave  results  for  nickel,  cadmium,  cobalt  and  iron  ranging  from  low  (i.e.,  1  to  5 
percent)  to  high  (i.e.,  10  or  more  percent)  depending  on  just  which  point  was 
being  contacted  with  the  electron  beam. 

3 . 5  Encapsulation  of  Plates  P-6  and  N-7 

The  shorted  plates  P-6  and  N-7  were  washed  free  of  KOH  with  distilled  water 
and  then  dried  in  a  stream  of  N£  gas  at  50°C.  The  plate  pair  was  then  encapsu¬ 
lated  as  follows:  The  plates  were  placed  oriented  vertically  in  a  section  of 
lucite  tubing  3  inches  in  inside  diameter  and  3  inches  high.  Most  of  the  void 
space  inside  the  tubing  was  filled  with  sections  of  1  inch  plastic  tubing  pre¬ 
filled  and  cured  with  casting  resin.  A  thermocouple  was  located  close  to  the 
plate  specimen  and  the  remaining  void  volume  was  filled  with  epoxy  casting  resin 
(room  temperature  setting  type).  The  highest  temperature  recorded  by  the  thermo¬ 
couple  during  curing  was  130°F.*  A  photograph  of  the  fixture  after  curing  is 
shown  in  Figure  18.  After  encapsulation  in  this  manner  the  resistance  between 
the  two  plates  had  increased  to  30  mn.  The  large  cylinder  was  then  cut  perpen¬ 
dicular  to  its  axis  at  two  points,  one  on  each  side  of  the  "burned"  spot.  A 
photograph  of  the  resulting  section  of  the  cylinder,  looking  perpendicular  to  the 


♦The  details  of  the  above  procedure  were  worked  out  in  advance  in  a  rehersal  run 
with  some  non-critical  plate  samples. 
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encapsulated  plates,  and  showing  the  "spot"  as  seen  through  the  transparent 
resin,  is  shown  in  Figure  19. 


3 . 6  Sectioning  of  the  Shorted  Plate  Specimen 

The  encapsulated  mounting  of  plates  P-6  and  N-7  was  ground  in  a  plane  nor¬ 
mal  to  the  plane  of  the  plates,  and  this  plane  was  moved  in  the  direction  of 
the  center  of  the 'burned" spot.  At  certain  points  (described  below)  the  ground 
surface  was  polished  and  the  result  viewed  under  the  microscope. 

The  first  set  of  such  views  was  taken  at  what  is  designated  as  Section  I. 
This  section  was  just  inside  the  tangent  to  the  round  "burned"  spot,  and  was 
studied  because  it  intersected  a  relatively  large  particle  between  the  plates. 
Figure  20  is  a  view  looking  obliquely  at  the  polished  surface,  and  shows  the  re¬ 
mainder  of  the  "spot"  behind  the  polished  edge  of  the  (upper)  negative  plate. 

No  separator  was  visible  between  these  plates  at  the  location  of  the  spot.  The 
particle  may  be  seen  toward  the  right  in  the  dark  band  between  the  plates.  A 
metallograph  image  of  the  "particle"  is  shown  in  Figure  21.  This  particle  and 
the  adjacent  positive  and  negative  plate  cross-sections  were  analyzed  for  nickel, 
cadmium,  and  cobalt  and  certain  other  elements  by  the  Electron  Microprobe.  The 
level  of  cadmium  in  the  particle  was  very  low,  but  was  also  very  low  in  the  neg¬ 
ative  (cadmium)  plate  adjacent  to  the  particle.  Furthermore,  the  particle  con¬ 
tained  no  cobalt,  the  negative  plate  contained  no  cobalt,  and  the  positive  plate 
contained  cobalt  as  expected  (as  cobalt  is  added  to  the  positive  plate  during 
impregnation).  Thus  the  particle  was  judged  to  have  come  from  the  negative 
plate.  Up  to  this  point  no  gaps  had  been  seen  in  the  negative  plate  from  which 
such  a  particle  may  have  come,  although  such  may  have  been  missed  due  to  limited 
visibility  while  grinding. 

The  electrical  resistance  from  point  to  point  within  the  particle  and  that 
between  the  particle  and  each  of  the  plates  was  measured  using  a  low-resistance 
ohmmeter  and  microprobe  contacts.  The  resistance  within  the  particle  was  in  the 
range  from  0.2  to  1.5  ohms,  while  that  from  the  particle  to  either  plate  was 
greater  than  1000  ohms,  which  was  the  upper  limit  of  the  instrument  used.  Thus 
this  particle  was  not  the  cause  of  the  short  between  the  plates. 

Continuation  of  grinding  toward  the  center  of  the  "spot"  revealed  several 
other  smaller  particles  between  the  plates.  One  of  these,  located  at  a  point 
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about  1/4  inch  from  the  center  (designated  as  Section  II)  is  shown  in  Figure  22. 
This  particle  was  colored  orange-red,  and  clearly  did  not  contact  both  plates. 

No  analysis  was  made  at  this  point. 

At  the  approximate  center  of  the  "burned"  spot,  designated  as  Section  III, 
considerable  damage  to  the  plates  was  evident,  and  considerable  debris  was  seen 
between  the  plates,  but  no  obvious  shorting  path  was  apparent.  See  Figure  23. 
Note  that  the  microstructure  of  the  sinter  of  the  negative  plate  toward  the 
right  in  this  photograph  is  considerably  different  from  that  of  normal  negative 
plate  sinter  seen  at  the  left,  and  that  the  sinter  of  both  plates  is  cracked 
and  pulling  away  from  the  substrate  (grid)  in  this  area. 

Another  particle  of  significant  size,  but  not  large  enough  to  contact 
both  plates,  was  found  at  a  section  just  past  the  center  of  the  spot  (designated 
as  Section  IV).  This  particle  is  shown  toward  the  left  in  Figure  24.  A  photo¬ 
graph  of  this  section  under  the  metallograph  (with  a  much  shallower  depth  of 
focus  than  in,  Figure  24)  is  shown  in  Figure  25.  The  image  in  Figure  25  is 
transposed  left  to  right  relative  to  that  in  Figure  24.  Here  the  degree  of  de¬ 
composition  of  the  negative  plate  sinter  at  this  point  is  more  obvious.  From 
these  photographs  it  was  concluded  that  the  particle  came  from  the  negative 
plate;  however  no  material  analysis  was  performed. 

As  grinding  continued  beyond  the  center  of  the  "burned"  spot,  a  relatively 
large  particle  was  encountered  which  appeared  to  bridge  the  gap  between  the 
plates  (designated  Section  V).  Figures  26  and  27  show  two  views  of  this  sec¬ 
tion  taken  with  an  ordinary  camera,  while  Figures  28  and  29  were  taken  with  the 
metallograph  (images  transposed  left  to  right  relative  to  Figures  26  and  27). 

The  particle  does  not  appear  to  be  as  large,  compared  to  the  space  between  the 
plates,  as  it  does  in  Figures  26  and  27.  This  is  because  only  the  material  in 
the  plane  of  the  section  shows  in  the  metallograph,  whereas  in  Figures  26  and 

27  one  is  able  to  see  through  the  polished  surface  of  the  resin  and  hence  to 
see  the  bulk  of  the  particle  located  behind  the  section  plane.  Note  in  Figure 

28  the  missing  piece  of  the  negative  plate  sinter  (center  photo). 

A  set  of  point-to-point  resistance  measurements  was  mode  on  the  surface 
of  Section  V,  as  follows: 
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•  t  « 


Point  A 

Positive  Plate  Sinter 
Negative  Plate  Sinter 
P-6  Sinter 
P-6  Sinter 
N-7  Sinter 


Point  B 

Positive  Plate  Sinter 
Negative  Plate  Sinter 
N-7  Sinter 
Particle 
Particle 


Resistan ce  (ohms) 

0.5-2. 5  (range) 

0. 1-0.3  (range) 
1.1 
1.0 
1.0 


Note  that  the  plate  to  plate  resistance  measured  was  1.1  ohms  compared  to  the 
0.03  ohms  measured  from  tab-to-tab  before  sectioning  was  begun.  This  apparent 
increase  is  probably  due  to  the  relatively  high  resistance  of  the  microcontacts 
involved  in  the  measurements.* 


The  data  above  show  that  the  resistance  between  the  particle  and  either 
plate  is  the  same  as  that  from  plate-to-plate.  Hence  the  particle  must  be  in 
electrical  contact  with  one  or  both  plates.  It  could  not  be  said  at  this  point 
that  this  particle  was  contacting  both  plates,  because  the  combination  of  (1)  this 
particle's  contacting  one  plate  only,  and  (2)  the  presence  of  another  (as  yet 
undetected)  low-resistance  short  would  produce  the  results  in  the  table  above. 

.Section  V  was  further  characterized  by  Electron  Microprobe  analysis. 

Figures  30  and  31  are  scanning  EMP  intensity  images  for  nickel  and  cadmium 
of  the  particle  and  its  immediate  surroundings.  The  shape  and  topography  of  the 
particle  in  Figure  30  are  seen  to  correspond  to  those  in  Figure  31.  The  strong 
response  for  nickel  is  from  the  nickel  sinter.  The  dark  spots  are  voids  or  in¬ 
clusions  of  non-nickel  material.  The  bright  band  at  the  bottom  of  Figure  30  is 
the  positive  (nickel)  plate. 

The  cadmium  intensity  image  in  Figure  31  shows  that  cadmium  existed  in  the 
particle  area  only  in  a  few  spots.  Comparison  of  these  spots  with  Figure  29  shows 


♦The  instrument  used  was  equipped  with  separate  current  and  potential  leads  out 
to  near  the  tips  of  the  probes.  Current  and  potential  paths  were  then  merged 
into  a  single  probe  for  each  polarity.  Hence  test  current  flowed  through  the 
contacts  across  which  the  voltage  was  measured. 
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these  spots  were  inclusions  of  material  (black-appearing  in  Figure  29)  that 
are  not  the  same  as  the  material  of  the  particle  as  a  whole.  This  "black" 
material  (Figure  29)  is  cadmium  hydroxide  that  had  crystallized  on  the  sur¬ 
face  of  the  negative  plate  during  electrical  cycling  of  the  cell  before  failure. 
Thus  no  significant  indiginous  cadmium  was  found  in  this  particle.  Similarly, 
the  cobalt  intensity  image  (not  shown)  revealed  no  significant  cobalt  concentra¬ 
tion  in  the  particle.  The  low  level  of  cobalt  detected  in  the  positive  plate 
was  unexpected.  It  was  subsequently  discovered  that  the  EMP  instrument  was  not 
functioning  properly  during  the  preparation  of  the  cobalt  image,  and  hence  these 
cobalt  data  are  questionable. 

Analysis  by  EMP  line  scan  proved  to  be  more  productive.  Simultaneous  scans 
for  (a)  cadmium  and  cobalt  and  (b)  nickel  and  cadmium  were  made  in  a  direction, 
normal  to  the  plane  of  the  plates  and  through  the  particle  cross-section.  As 
shown  in  Figures  32  and  33,  nickel  content  was  high  in  all  sintered  material 
scanned;  cadmium  content  was  very  low  in  all  sintered  material  (including  that 
portion  of  the  negative  plate  scanned);  and  cobalt  content  was  relatively  high 
in  positive  plate  sinter  but  neglible  in  the  particle.  The  peaks  of  cadmium 
intensity  seen  correspond  to  the  location  of  pre-formed  cadmium  hydroxide  crys¬ 
tals  and  not  to  high  concentrations  of  cadmium  in  the  sinter  matrix.  This  in¬ 
formation  indicates  that  the  particle  came  from  the  negative  (cadmium)  plate. 

After  the  above-described  characterization  of  Section  V,  grinding  and 
polishing  was  continued  to  examine  the  bridging  particle  further.  This  process 
culminated  in  the  final  section,  designated  Section  VI,  at  which  point  the  two 
plates  were  no  longer  shorted.  The  specimen  was  then  ground  at  90°  to  the  pre¬ 
vious  section  until  particle  was  intersected  by  the  new  section.  Metallographs 
at  the  corner  of  intersection  are  shown  in  Figures  34  and  35.  The  physical 
analysis  was  concluded  at  this  point. 

4.  DISCUSSION 

The  evidence  presented  above  clearly  shows  that  the  particle  found  between 
the  two  plates  of  the  specimen  at  metallographic  Section  V  (and  VI)  was  producing 
a  short  between  plates  P-6  and  N-7,  and  that  this  shorting  path  was  the  main 
source  of  the  shorted  condition  of  the  cell  at  the  time  it  was  opened  for  analysis. 
However,  there  was  also  some  degree  of  shorting  initially  present  between  plates 
N-7  and  P-7. 


A  review  of  all  the  microphotographs  taken  during  the  sectioning  of  encap¬ 
sulated  plates  P-6  and  N-7  shows  no  evidence  that  a  large  current  (such  as 
must  have  flowed  when  the  cell  first  discharged  after  shorting)  had  flowed  from 
negative  plate  N-7  to  positive  plate  P-6,  as  no  damage  to  the  surface  of  P-6 
closest  to  N-7  was  seen  such  as  might  be  caused  by  the  shorting  current.  It  is 
particularly  noted  that  none  of  the  particles  seen  between  plates  P-6  and  N-7 
appear  to  have  been  the  path  of  a  large  current,  inasmuch  as  the  points  of  con¬ 
tact  between  these  particles  and  the  plates  show  none  of  the  affects  to  be  ex¬ 
pected  (e.g.,  structural  damage,  fusion,  etc.)  from  the  high  temperature  generated 
2 

by  I  R  heat  dissipation. 

On  the  other  hand  the  larger  particles  appear  to  have  broken  off  of  the 
sintered  surface  of  negative  plate  N-7  and  became  wedged  between  the  two  plates 
sectioned  together.  It  is  postulated  that  the  particles  broke  off  because  of 
stresses  produced  by  high  temperature  in  the  negative  plate.  The  cause  of  this 
high  temperature  was  the  initial  discharge  current  of  the  charged  cell,  but  the 
discharge  path  was  not  to  plate  P-6. 

Note  in  Figures  20,  22,  23,  and  24  that  there  is  a  lump  of  material  near 
the  center  of  "burned"  spot  and  on  the  face  of  plate  N-7  opposite  from  plate 
P-6.  The  thickness  of  this  buildup  is  about  equal  to  the  separation  distance 
between  plates  in  the  original  cell.  Note  furhter  from  the  photographs  in 
Figures  15  and  16  that  considerable  structural  damage  has  occurred  to  positive 
plate  P-7  in  the  "burned"  spot,  especially  near  the  center.  From  these  obser¬ 
vations  it  is  deduced  that  the  original  short  occurred  between  plates  N-7  and 
P-7,  and  not  between  plates  N-7  and  P-6.  The  high  local  temperatures  produced 
by  the  rapid  discharge  through  this  original  short  then  produced  the  variety 
of  secondary  effects  observed  during  this  analysis,  including  the  ejection  of 
negative  plate  sinter  particles  from  the  face  of  negative  plate  N-7  opposite 
from  that  involved  in  the  original  shorting  path. 

The  intense  heat  of  the  rapid  discharge  left  the  original  discharge  path 
structurally  weak  and  with  a  high  resistance  compared  to  the  resistance  of  a 
piece  of  relatively  undamaged  negative  plate  sinter  such  as  was  found  wedged 
between  plates  N-7  and  P-6.  Thus  the  investigation  became  diverted  to  uncover 
the  source  of  the  latter,  low-resistance  path.  The  energy  involved  in  the 
original  discharge  also  obliterated  any  evidence  that  might  have  indicated  what 
the  underlying  cause  was  for  the  short  and  its  development  mechanism. 
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After  the  sectioning  of  the  encapsulated  plates  (described  above) 
had  been  completed  and  the  above  conclusions  drawn,  the  burned  spots  on 
the  two  faces  of  plate  P-7  was  re-photographed  at  higher  magnification 
than  before.  The  results  are  shown  in  Figures  36  and  37.  It  may  be 
seen  that  some  of  the  sinter  was  missing  from  the  center  of  the  spot 
at  the  time  these  photographs  were  taken.  The  missing  material  was  very 
fragile  and  disintegrated  during  storage.  The  surface  of  the  grid  there¬ 
by  revealed  on  Face  1  of  this  plate  shows  many  tiny  pits.  This  condition 
suggests  that  the  affected  area  had  been  subjected  to  a  high  current 
density,  and  explains  why  iron  was  found  throughput  the  "burned"  areas  on 
the  plates  close  to  the  short.  These  observations  are  consistent  with 
the  postulation  that  the  primary  short  occurred  between  plates  P-7  and  N-7. 


Figure  1.  Current  voltage  plot  for  cell  resistance  of  shorted  cell,  8E005,  S/N  171-L01. 


Figure  2.  Front  view  of  cell  with  plates  partially  withdrawn 
(TRW  153392-79) 


Figure  3.  Rear  view  of  cell  with  plates  partially  withdrawn 
(TRW  153391-79) 
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Figure  4.  Positive  terminal  end  view  of  cell  Figure  5.  Negative  terminal  end  view  of  cell 

(TRW  153394-79)  (TRW  153393-79). 


Figure  7.  Negative  plate  No.  N-6,  face  No.  2,  Figure  8.  Negative  plate  No.  N-8,  face  No. 

with  separator.  (TRW  153484-79)  with  separator.  (TRW  153478-79) 
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Figure  9.  Positive  plate  No.  P-6,  face  No.  1  Figure  10.  Positive  plate  No.  P-7,  face  No. 

(TRW  153480-79).  (TRW  153481-79). 


Figure  17 
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Close-up  of  spot  on  negative  plate  No.  N-7,  face  No.  2 
(TRW  153475-79). 


i 
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Figure  20.  Oblique  view  of  Section  I,  8x 


Figure  21.  Metallograph  of  particle  between  plates  at  Section  I,  80x 
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Figure  22.  View  of  Section  II,  20x 


Figure  23.  View  of  Section  III,  20x 
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Figure  24.  View  of  Section  IV,  20x 


Figure  26.  View  of  Section  V,  12x 


Figure  27.  View  of  Section  V,  20x 
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Figure  28.  Metallograph  of  Section  V,  35x 
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Figure  31.  Scanning  EMP  Intensity  Image  for  cadmium:  particle  at  Section  V. 


Figure  34.  Metal! ograph  at  location  of  particle  in  Section  VI.  (40x) 


Figure  35.  Metallograph  at  location  of  particle.  Section  VI,  lOOx. 
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Reference:  1>  IOC  78-8725.0.217,  "Failure  Modes  and  Effects  Analysis 
of  Program  777  Solid  State  Temperature  Switch  (SSTS)  Circuit,  dated 
21  September  1978  by  J.  E.  Brooks  to  R.  W.  Sparks. 


Background 

On  September  4,  1978,  Battery  3  of  S/C  9438  was  observed  to  be  in  mini- 
trickle  charge.  A  possible  cause  of  this  high  temperature  excursion  may 
have  been  a  failure  of  the  SSTS  to  switch  at  or  near  its  nominal  set  point 
of  77°F.  Again  on  September  21  during  a  recharge  after  reconditioning, 
this  battery  was  observed  to  reach  98°F  even  though  the  over-temperature 
switch  did  r.ot  switch  the  battery  to  mini -trickle.  On  September  22 
battery  2  on  S/C  9437  was  observed  to  be  in  mini-trickle  charge.  In  none  of 
the  above  cases  was  data  available  during  the  transition  to  the  high  tempera 
ture,  so  the  exact  switch  point  of  the  SSTS  is  unknown.  In  the  two  cases 
where  the  35°  switch  actuated,  it  cannot  even  be  determined  if  the  SSTS 
operated  at  all  since  the  95°  switch  also  switches  K1  to  trickle  charge. 

Data  gathered  during  the  48  hour  continuous  pass  on  9438  and  the  24  hour 
pass  on  9437  is  summarized  in  Table  I.  Also  plotted  in  Figure  1  is  the 
•  switch  point  data  for  oattery  3  on  9438  versus  the  rate  of  change  at  the 
time  of  switching  of  battery  temperature  as  measured  by  the  telemetry 
thermistor.  This  olot  suggests  some  possible  correlation  of  switch  point 
with  rate  of  change  of  temoerature  wnich  in  turn  suggests  that  the 
thermistor  might  not  be  tracking  shim  temperature.  On  cool  down  the 
suspect  switches  all  switch  within  tolerance  of  their  70°F  reset  point.  The 
possibility  of  the  two  thermistors  ( RT1  for  telemetry  and  RT2  for  the  SSTS) 
not  tracking  each  other  has  also  been  checked  and  what  little  temperature 
differential  there  is,  as  predicted  by  analysis,  is  in  the  wrong  direction 
to  explain  the  observed  behavior. 
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In  summary,  then,  what  we  are  looking  for  in  this  analysis  is  an 
electronic  part  failure  or  drift  in  the  SSTS  that  could  cause  the  set 
point  to  drift  approximately  8°F  high  (corresponding  to  a  tR  in  the 
thermistor  value  of  313  ohms)  and  also  allow  the  reset  point  to  remain 
at  its  nominal  value. 

Analysis 

This  analysis  is  an  expansion  upon  Ref.  1  with  emphasis  on  those  components 
that  showed  some  promise  of  explaining  the  anomaly.  In  addition,  breadboard 
testing  was  used  to  verify  the  analysis. 

As  seen  from  Reference  1  and  Figure  3,  the  best  candidates  are: 

o  VR3  -  operates  at  wrong  point 

o  VR2  -  short 

o  Cl  -  open 

The  second  and  third  candidates  can  be  disposed  of  quickly: 

o  By  analysis  and  by  test  a  shorted  VR2  moves  the  set  point  ud  to 
1643  ohms  (86°F)  however,  there  is  no  hysteresis  and  the  switch 
would  continuously  toggle  about  this  point. 

o  By  analysis  and  by  test,  with  Cl  open,  the  output  tends  to  switch 
at  a  lower  temperature  if  noise  is  also  present.  Without  noise, 
the  circuit  operation  is  unaffected. 

Operation  of  VR3  (Reference  Figure  2)  with  various  modes  of  degradation 
and  the  resulting  effect  on  set  point  is  tabulated  in  Table  II.  As 
can  be  seen,  none  of  these  modes  can  result  in  the  observed  orbital 
operation. 

Conclusion 


Reference  1  ruled  out  most  catastrophic  failures  of  parts  as  being  the 
cause  and  this  analysis  has  ruled  out  the  rest  as  well  as  ruling  out 
more  subtle  variations  of  VR3. 

Another  postulated  failure  mode  that  fits  the  observed  data  is  that  RT2 
is  lagging  the  shim  temperature  as  a  function  of  the  rate  of  change  of 
temperature.  The  mechanical  mounting  of  RT2  to  the  shim  has  been 
investigated  and  it  seems  to  be  adequate  and  not  suspect.  The  thermal 
characteristics  of  RT2  have  been  investigated  by  components  with  no 
evidence  of  a  problem. 
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Further  investigation  is  recommended  on  the  relative  temperature 
distributions  on  the  battery  under  various  cell  failure  nodes  (i.e. 
is  there  any  way  that  RT1  and  S6  could  actually  be  7-10°  higher  on 
charge  than  RT2).  More  orbital  data  would  also  be  helpful. 


6.  W.  ZerbeV,  Manager 

Power  Control  &  Distribution  Dept. 


DWZrch 
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TABLE  I 


*" — ^Cycle 
Battery^ — . _ 

1 

2 

3 

4 

5 

9437 

1 

80°F 

80°F 

80°F 

78°  F 

— 

2 

77 

79 

79* 

78 

-- 

3 

81 

80 

80 

— 

-- 

9438 

1 

78 

78 

78 

78.5 

78 

2 

79 

80 

79 

79 

78 

3 

84 

80 

81.5 

81 

83 

SSTS  Switch  Points  Observed  during  Continuous  Passes 


TABLE  II 

Circuit  Operation  with  Degraded  VR3 


Degradation 

Lowered  gain,  both  Qll  &  Q12 

Increased  leakage,  Qll  &  Q12 

Lowered  gain  Qll  or  Increased 
leakage  Q12 

Lowered  gain  Q12  or  increased 
leakage  of  Qll 


Effect  on  SSTS  Operation 
Raised  set  point;  lowered  reset  point 
Raised  set  point;  lowered  reset  point 
Raised  set  point  and  reset  point 

Lowered  set  point  and  reset  point 
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INPUT 


(4) 


6  6  - 

V-  INVERTING 
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(3) 


SENSE 


IU 


(5) 

Note  3 


(2) 


NOTES: 


1.  All  resistance  and  capacitance  values  are  nominal. 

2. ’  Vj  is  not  connected  in  the  10-lead  round  can. 

3.  Pin  5  is  connected  to  case. 

4.  Numbers  in  parentheses  are  lead  numbers. 

5.  This  schematic  is  for  reference  only. 


FIGURE  2.  SCHEMATIC  DIAGRAM 


CODE  iCEM  NO. 
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11982 

1H021 

SCME 
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An  anomaly  in  the  telemetered  battery  3  temperature  indication  has  been 
detected  on  two  satellites  as  well  as  an  overtemperature  trip  related  to 
battery  3  or.  one  of  these  satellites.  Telemetry  data  suggests  the  possibility 
that  the  thermistor  in  the  SSTS  circuit  is  lagging  the  telemetry  sensing 
thermistor.  This  problem  is  being  investigated  in  several  areas  including  test 
simulations.  The  FMEA  presented  in  this  memo  is  part  of  the  overall  investiga¬ 
tion  of  this  anomaly.  Sensitivity  analysis  was  performed  on  critical  parts  of 
this  circuit  which  could  affect  the  high  temperature  set  point  as  follows. 

R4  -  Approximately  300n  shift  is  required  to  change  the 
set  point  by  1°F.  The  resolution  of  this  wirewouna 
part  Is  223/turn. Absolute  worse  case  end-of-life  drift 
of  this  part  is  4GGa.  Resistance  cnanges  wnich  could 
offset  the  set  point  as  much  as  1.5°F  are  not  con¬ 
sidered  to  be  credible  failure  modes. 

R2  -  The  sensitivity  of  the  set  point  to  drift  of  this 
resistor  is  approximately  5G.'./VF.  Absolute  worse 
case  end  of  life  drift  for  this  oart  is  less  than 
.05X  year  (1.53).  Resistance  cnanges  wnich  would 
significantly  affect  the  set  point  voltages  are  not 
considered  to  be  credible  failure  modes. 

R1  and  R3  -  Worse  case  resistance  changes  for  these 

resistors  would  nave  negligible  impact  on  set  point 
voltage. 

The  Failure  Mode  and  Affects  Analysis  is  summarized  in  the  following  taole. 
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SSTS  FMEA 


Page 

Failure  ‘'ode 

Failure  Effect 

Q1 

CE  Open 

Battery  remains  at  full  charge. 

CE  short  or  excessive 
leakage 

Battery  remains  at  trickle  charge. 

R9 

Open 

Leakage  current  may  turn  Q1  on  and  hold 
battery  in  trickle  charge  condition. 

Short 

Battery  remains  at  full  charge. 

R8 

Open 

Same  as  R9  short. 

Short 

Possible  damage  to  R5,  Q1 ,  VR1  and  VR3  when 
battery  is  hot. 

VR1 

Open 

Same  as  R8  open. 

Short 

If  VR3  was  leaking  Qi  could  possibly  be 
held  on  maintaining  trickle  charge  condition. 

VR3 

Output  remains  high 

8attery  remains  in  trickle  charge. 

Output  remains  low 

Battery  remains  at  full  charge. 

Output  toggles  at  wrong 

Battery  charging  circuit  switches  at  wrong 

point. 

temperature. 

VR2 

Short 

Moves  both  set  points  up  in  temperature. 

Open 

Moves  lower  set  point  down  in  temperature. 
Possible  damage  to  VR3-3. 

R6 

Open 

Moves  lower  set  point  up  in  temperature. 

Short 

Damage  to  VR2,  VR3  and  R5. 

R7 

Open 

Moves  lower  set  point  up  in  temperature. 

Short 

Battery  remains  in  trickle  cnarge  ccnoition. 

R3 

Open 

Battery  remains  in  trickle  charge  condition. 

Short 

Battery  remains  in  full  charge  condition. 

R1 

Short 

Battery  remains  in  trickle  charge  condition. 

Open 

Battery  remains  in  full  charge  ccnoiticn. 
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failure  Mode 

SSTS  FMEA 

Failure  Effect 

R2  or  R4 

Open 

Battery  remains  In  trickle  charge 
condition. 

Short 

Battery  remains  in  full  charge  condition. 

RT2 

Open 

Battery  remains  in  full  charge  condition. 

Short 

Battery  remains  in  trickle  charge  condition. 

RS 

Open 

Battery  remains  in  full  charge  condition. 

Short 

No  effect. 

Cl 

Open 

Erratic  toggling  of  VR3  output. 

Short 

Battery  remains  in  full  charging  condition. 
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SUMMARY  OF  SSTS  TESTING 


( 


1)  Normal 

o  HI,  77°F  =  2002*  Q1  on  (T.C.) 

0  LO,  *  70'F  =  2325.'.  qt  off  (F.C.) 
o  j  =  323.' 

2)  VR2  Shorted 


o  Switches  to  T.C.  @  1 643.1  =  86° F 
o  i  =  359.1 
o  Ho  hysteresis 

3)  R6  Open  or  R7  Oren 


o  iio  change  in  trip  point 
o  Mo  hysteresis 


4)  Simulate  increased  leakage  of  Q12  in  VR3  by  placino  an  external 
resistor  across  pins  9  to  2. 


R9-2 

Action 

30  K 

0 

Both  set  and  reset  points  go  higher  in  tenp. 

0 

Hysteresis  decreases 

23K 

0 

Set  and  reset  points  go  higher 

0 

Hysteresis  goes  to  zero 

<25K 

• 

0 

Output  does  not  come  on  (system  would  stay  in 
full  charge) 

5)  Simulate  increased  leakage  of  Qll  in  VR3  by  placing  an  external 
resistor  across  pins  3  to  8. 


R3-8  Action 

900K  o  Set  and  reset  points  decrease  2°F 

100K  o  Set  and  reset  points  decrease  14°F 

6)  Open  Cl 

o  No  change 


( 
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7)  Simulate  decreased  gain  of  Q11  by  inserting  resistance  in  series 
with  Qll  base. 

Action 

200K  o  Set  ar.d  reset  points  increase  by  10°F 
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Time  from  when  RT1  reaches  77®F  until  SSTS  switches  (based  on  48  hour 
run  data). 


Batteries 


Cycle 

1 

2 

3 

1 

3  nin 

5  min 

10  min 

2 

3  nin 

5  min 

10  min 

3 

3  nin 

7  min 

6  min 

4 

5  nin 

7  min 

7  min 

5 

3  nin 

3  min 

8  nin 
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To  establish  confidence  in  subject  parts  already  installed  in  777 
F7-F12  systems,  the  following  stability  test  is  to  be  performed. 

1.  Remove  all  available  1H021  devices  from  Group  B  part  inventory 
and  residual  stock. 

2.  Perform  Group  A,  Subgroup  1  tests  as  per  Table  III  of  the  referenced 
1H021  PIN  specification.  Read  and  record  parameter  values. 

3.  Perform  bum-in  tests  as  defined  in  Para.  4.6.5  of  the  specification 
except  the  duration  of  this  burn-in  shall  be  for  a  period  of  500 
hours.  Readings  are  to  be  taken  and  recorded  at  168,  330  and  500 
hour  points. 

4.  The  electrical  end  points  to  be  measured  are  as  shown  in  Table  II 

of  the  specification  with  the  delta  limits  as  defined  in  Para.  4.6.6. 

At  the  conclusion  of  the  above  testing,  review  all  data.  In  the  evert 
that  any  delta  limits  are  exceeded  prior  to  the  500  hour  point,  i.e., 
at  the  168  or  330  hour  points,  perform  an  immediate  data  examination. 

Charge  to  J/N  3473-95  to  complete  this  task. 


CBI :  h 


C.  B.  IRWIN 
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Attachment 


,ATTERY 

SSTS 

VR3 

S/N 

P/N 

MSO  # 

S/N 

P/N 

P.O. 

D.C. 

PCWO 

(FLT  #7) 
3-30 

276944-2 

DRBHYEE670 

008 

C255151-021 

171PM3 

7414 

40462 

3-31  • 

276944-2 

DRBHYEE630  . 

004 

C255151-021 

171PM3 

7414 

40462 

3-32 

276944-2 

DRBHYEE640 

005 

C255151-021 

171PM3 

7414 

40462 

(FLT  #8) 
3-33 

276944-2 

DRBHYED290 

003 

C255151-021 

171PM3 

7414 

40462 

3-34 

276944-2 

DRBHYED280 

002 

C255151-021 

171PM3 

7414 

40462 

3-35 

276944-2 

DRBHYEE650 

006 

C25515 1-02 1 

171PM3 

7414 

40462 

(FLT  #11) 
3-44 

276944-2 

DRBHLET930 

016 

C255151-021 

171PM3 

7414 

40462 

3-45 

276944-2 

0RBHLET900 

013 

C25515 1-02 1 

171PM3 

7414 

40462 

3-46 

276944-2 

DRBHLET870 

018 

C255151-021 

171PM3 

7414 

40462 

(FLT  #12) 

3-47 

276944-2 

DRBHLET920 

021 

C255151-021 

171PM3 

7414 

40462 

,-48 

276944-2 

DRBHLET950 

021 

C255151-021 

171PM3 

7414 

40462 

3-49 

276944-2 

DRBHLET970 

023 

C255151-021 

171PM3 

7414 

40462 

(SPARE) 

(7  &  BK/ 

276944-2 

DRBHYEE660 

007 

C255151-021 

171PM3 

7414 

40462 

NOTE:  E0‘,  BI  DWG.  276944  (SSTS) 
Replaced  (VR3)  0255151-0^1 
with  (VR3)  C255151-021. 
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MSO's  fpr  SSTS  located  In 
Ron  Zener's  Data  Center 
M3/J541  X63311. 

MSO's  for  batteries  located 
in  R.  Yasul's  Data  Center 
Ml/1308  X52846. 


A6-16 


APPENDIX  7 

SPACECRAFT  THERMAL  CONTROL 


A7-1 


t 


SPACECRAFT  THERMAL  CONTROL 


Thermal  control  for  the  777  spacecraft  is  achieved  through  the  use  of 
passive  elements  (i.e.,  multilayered  insulations,  surface  finishes,  second 
surface  mirrors,  and  low  thermal  conductivity  isolators)  augmented  by 
thermostat  controlled  heaters.  The  baseline  thermal  design  is  presented 
schematically  in  Figure  A7-1.  The  components  within  the  despun  platform 
are  thermally  isolated  from  the  spinning  platform  by  reflective  radiation 
shields.  Heat  dissipated  within  the  despun  platform  is  rejected  to  the 
space  heat  sink  through  the  forward  closure  and  the  aft  radiator.  Heat 
dissipated  within  the  spinning  platform  is  rejected  to  the  space  heat 
sink  through  the  solar  array  and  the  battery  radiators.  On-orbit,  the 
solar  array  is  irradiated  by  the  sun  continuously  except  for  short  periods 
during  the  equinox  eclipses.  Between  equinox,  winter  solstice,  and 
equinox,  the  aft  radiator  and  the  battery  radiators  are  irradiated  by  the 
sun  by  diffuse  reflection  from  the  inside  of  the  solar  array  in  the  aft- 
cavity  region,  and  by  direct  incidence  around  winter  soltice.  The  forward 
{  closure  is  irradiated  by  the  sun  between  equinox,  summer  solstice,  and 

equinox.  For  the  spinning  platform,  the  hot  condition  occurs  during 
winter  solstice  and  cold  condition  occurs  during  equinox  eclipse.  For  the 
despun  platform,  hot  condition  occurs  during  suimier  solstice,  and  cold 
condition  occurs  during  equinox  eclipse. 

A  review  of  orbital  temperature  data  showed  no  failure  or  degradation 
in  the  thermal  control  subsystem.  Other  than  batteries,  all  subsystem 
components  were  working  in  the  expected  manner.  Table  A7-1  presents  some 
selected  spinning  platform  temperature  sensor  data  for  the  period  inmedia- 
tely  preceding  the  dates  when  the  batteries  were  commanded  into  automatic 
mode.  A  comparison  of  these  sensor  temperatures  for  this  eclipse  season 
and  the  two  preceding  eclipse  seasons  show  nearly  identical  temperatures. 


C 


A7-2 


Table  A7.1.  Spinning  Platform  Temperatures 
Before  Eclipse  Season  Entry 


Temperature 

Measurement 

Minitrickle 

Minitrickle 

Manual  Trickle 

Spacecraft  9437 

(9/ 5-Auto) 
9/4/77 

(3/ 2-Auto) 
3/1/78 

(9/ 1-Auto) 
8/31/78 

S0LR1T 

55°F 

55°F 

55°F 

S0LR2T 

60 

59 

61 

TANK1T 

56 

55 

57 

TANK2T 

57 

56 

58 

El  AT 

96 

95 

96 

BAIT 

55 

55 

59 

BA2T 

47 

49 

52 

BA3T 

51 

51 

56 

Spacecraft  9438 

(9/ 4-Auto) 
9/2/77 

(3/2-Auto) 

3/1/78 

(9/ 3-Auto) 
8/31/78 

S0LR1T 

55°F 

55°F 

56°  F 

S0LR2T 

59 

59 

59 

TANK1T 

55 

55 

56 

TANK2T 

57 

55 

57 

EIAT 

95 

93 

95 

BAIT 

52 

53 

57 

BA2T 

47 

48 

53 

BA3T 

50 

49 

53 
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777,  9437/9438  Battery  Anomaly  Investigation, 
Thermal  Effects  of  Increasing  Battery  C 
Radiator  Area  to  108  Square  Inches 


FROM: 

•LOO 


H.  M.  Pan  * 

MAIL  sta. 


CAT. 


M3  . .  2542  61 050 


SUMMARY 

The  effect  of  increasing  Battery  C  radiator  opening  from  the  present  area 
of  90  square  inches  to  108  square  inches  was  analyzed,  and  the  results  showed 
minimal  effect  on  the  Thermal  Control  Subsystem.  Results  of  the  analysis  are 
summarized  below. 

1.  Effects  on  Battery  C  and  surrounding  component  temperature. 

Battery  C:  -3°F  (during  trickle  charge) 

PCM  Encoder:  -1°F 
PCU:  -1  °F 

2.  Increases  orbital  averaged  battery  heater  power  consumption 
during  Summer  Solstice  by  about  2  watts. 

3.  Effects  on  Battery  C  heat  rejection  capability  during  Equinox 
sunlight  based  on  partially  degraded  solar  array  (Batteries  A 
and  B  capabilities  are  also  presented  for  comparison). 


Battery  No.-»- 

Battery  C 

Battery  A 

Battery  B 

Temp.  °F  f 

(90  in2) 

(108  in2) 

(108  in2) 

(108  in2) 

50 

4.5w 

5.6w 

4.5w 

5.2w 

65 

10. 6w 

11. 8w 

10. 6w 

10. 9w 

80 

17. Ow 

18. 4w 

17. Ow 

16. 9w 

95 

23. 8w 

25. 3w 

23. 7w 

23. 2w 

DISCUSSION 

The  analysis  showed.  In  the  temperature  range  of  50°F  to  80°F,  Battery  B 
has  the  most  heat  rejection  capability,  while  Batteries  A  and  C  have  about  the 
same  heat  rejection  capability.  Battery  C  has  smaller  radiator  area  than  both 
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Batteries  A  and  B,  because  it  is  located  in  a  cooler  part  of  the  Spinning  Plat¬ 
form.  A  review  of  on-orbit  data  for  the  period  prior  to  the  Fall  1978  eclipse 
season  showed  Battery  A  had  the  least  heat  rejection  capability,  and  Battery  B 
had  the  most  heat  rejection  capability.  Battery  C  heat  rejection  capability 
lay  somewhere  between  Batteries  A  and  B.  During  manual  trickle  charge  condition. 
Battery  A  was  warmer  than  Batteries  B  and  C  by  between  3°F  to  7°F.  During  the 
first  charge-overcharge  cycle  following  the  long  eclipse.  Battery  A  switched 
earlier  over  to  trickle  charge  from  the  full  charge  condition.  The  proposed 
change  in  Battery  C  radiator  area  would  cause  its  heat  rejection  capability  to 
be  approximately  equal  to  that  of  Battery  B  or  even  slightly  greater.  This 
would  increase  the  heat  rejection  "unbalance"  between  Batteries  A  and  C. 
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References:  (1  )  78-8725.0-233,  "Plan  for  FI 1 /FI 2  Final  Readiness  Review- 
Batterv  System  Changes",  from  R.  Sparks  to  Distribution, 
dated  23  October  1978. 

(2)  7415.1-669  (777-E3-1462) ,  "Final  Thermal  Analysis  of 

Project  777  Battery",  from  0.  N.  Woo  to  J.  D.  Armantrout, 
dated  30  Julv  1970. 

INTRODUCTION 

In  partial  response  to  your  renuest  of  Reference  (1),  the  final  thermal  analysis 
of  Project  777  Battery  (Reference  2)  was  reviewed.  The  primary  pumose  of 
the  review  was  to  obtain  the  temperature  distributions  and  differentials  for 
batteries  operating  In  a  normal  mode  for  orbital  conditions  -  Project  777. 

The  temperature  data  are  Included  herein. 

RESULTS 

Based  on  the  results  of  the  analysis  (Reference  2),  the  temperature  distributions 
and  differentials  are  shown  In  Table  I.  The  heat  dissipations  assumed  for 
analysis  are  shown  In  Table  II.  The  detailed  temperature-time  histories  can 
be  obtained  from  Reference  (2). 

DISCUSSION 

The  temperature  data  for  batteries  operating  In  a  normal  mode  for  orbital 
conditions,  as  shown  in  Table  I,  Indicated  a  maximum  temperature. differential 
of  8°F  between  the  center  cell  and  the  end  cell.  The  two  center  cells  (cells 
No.  6  and  17)  are  the  hottest  among  the  22  cells  of  the  battery  pack,  the 
four  cells  adjacent  to  the  two  center  cells  (cells  No.  5,  7,  16,  and  18)  are 
sllohtl.v  colder,  and  the  four  end  cells  (cells  No.  1,  11,  12,  and  22)  are 
the  coldest.  The  reason  for  this  condition  to  exist  is  that  the  end  cells  are 
thermally  coupled  to  the  end  plates,  which  radiate  heat  away  to  the  surrounding. 
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TABLE  II.  Heat  Dissipations  as  a  Function  of  Time  for 
Each  of  the  Three  Batteries. 


Condition 

Time  (hrs.) 

Battery  Operatino 

Mode 

Heat  (Watts) 

Equinox  - 

0  -  1 .2 

Discharge 

22  Constant 

Cold  Case 

1.2  -  7.8 

Charqe 

0 

7.8  -  11 .0 

Full  Charqe 

0-23  Linearly  Increasing 

11.0  -  24.0 

Trickle  Charge 

5  Constant 

Equinox  - 

0  -  0.3 

Discharge 

32  Constant 

Hot  Case 

0.3  -  2.4 

Charge 

0 

2.4  -  3.2 

Full  Charge 

0-110  Linearly  Increasing 

3.2  -  24.0 

Trickle  Charge 

8.5  Constant 

Winter 

Solstice 

Steady -state 

Trickle  Charae 

10.0  Aoproximately 
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SUMMARY 


A  thermal  analysis  has  been  performed  to  determine  the  feasibility 
of  lowering  the  Trickle-to-Ful 1  temperature  set  point  of  70°F,  and  its 
overall  thermal  effect  on  the  thermal  control  subsystem.  The  following 
summarizes  the  results  of  the  analysis. 

1.  The  Trickle-to-Ful 1  temperature  set  point  can  be  lowered  to 
63° F  from  the  present  70°F. 

2.  The  lower  temperature  set  point  has  no  effect  on  the  minimum 
predicted  temperatures  for  the  other  Spinning  Platform  com¬ 
ponents  . 

3.  Changing  the  main  bus  voltage  from  32.4  volt  to  31.8  volt  has 
negligible  effect  on  the  thermal  control  system. 


DISCUSSION 

The  Trickle-to-Full  temperature  set  point  can  be  lowered  from  the 
present  value  of  70°F  because  the  battery  trickle  charge  dissipation 
dropped  by  almost  50*  due  to  the  lowering  of  the  main  bus  limit  from  32.4 
volts  to  31.8  volts.  At  70°F,  the  maximum  trickle  charge  dissipation  for 
the  32.4  volt  bus  limit  is  about  8  watts  and  is  about  4.6  watts  (from 
C.  L.  Stanley)  for  the  31.8  volt  bus  limit.  Predicted  steady-state  battery 
trickle  charge  temperature  for  the  Equinox  EOL  condition  is  about  61 °F  at 
8  watts  and  about  54°F  at  4.6  watts.  The  present  set  point  of  70°F  provides 
a  margin  of  9°F  for  the  predicted  steady-state  trickle  charge  temperature 
of  61°F,thus  lowering  the  bus  limit  to  31.8  volts  (consequently  lowering 
the  trickle  charge  dissipation)  allows  the  lowering  of  the  set  point  to 
63°F  and  still  provides  the  same  margin  of  about  9°F  between  the  set 
point  and  the  lower  predicted  steady-state  trickle  charge  temperature  of 
54#F. 
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The  lower  temperature  set  point  has  no  effect  on  the  minimum  pre¬ 
dicted  temperatures  for  other  components.  The  minimum  predicted  com¬ 
ponent  temperatures  were  predicted  based  on  the  condition  with  all 
three  batteries  operating  in  manual  tickle  charge  prior  to  entering 
eclipse.  This  mode  of  operation  results  in  lower  predicted  temperatures 
for  other  components.  Spacecraft  T/V  acceptance  test  was  conducted 
with  the  batteries  in  manual  trickle  charge  condition  prior  to  entering 
eclipse  during  the  Phase  II  Equinox  thermal  equal ibrium  test  condition. 
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Thermal  Effects  of  Recommended  Changes 


2  2 

I.  Increasing  Battery  C  radiator  from  90  in  to  108  in  . 

A.  Temperature  effect:  Battery  C  -3°F  (during  trickle  charge) 

PCM  Encoder  -1°F 
PCU  -1°F 

B.  Increases  obital  averaged  battery  heater  power  consumption 
during  Summer  Solstice  by  about  2  watt. 

C.  Increases  battery  C  heat  rejection  capability  during  Equinox 
Sunlight  by  about  1.5  watt. 

II.  Changing  battery  trickle-to-full  set  point  from  70°F  to  65°F  and 
full-to-trickle  set  point  from  77°F  to  72°F. 

A.  Reduces  battery  temperature  during  Auto-Mode  by  at  least  5°F. 

B.  Battery  may  not  cycle  during  late  life  Equinox  condition 
(battery  remains  in  trickle  charge  a-fter  the  first  full  charge 

cycle). 

C.  Have  no  effect  on  minimum  temperature  condition  for  other 
spinning  platform  components.  Minimum  temperature  condition 
analyzed  was  with  the  battery  in  manual  trickle  charge  prior 
to  entering  eclipse  (T/V  acceptance  test  was  with  the  battery 
in  manual  trickle  charge  prior  to  entering  eclipse  during  phase 
2  thermal  equilibrium  condition). 
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Resistance  values  have  been  calculated  for  the  6B  Battery 
charge  control  option  as  modified  for  optional  direct 
connection.  This  effort  was  accomplished  in  partial  support 
of  ECP  124  for  DSCS-II  spacecraft  13  through  16. 

Report  Number  79.8723.18-001  (attached)  gives  details  of 
the  analysis. 
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BATTERY  CONTROL  NETWORK  DESIGN 
FOR  DSCS-II  FLIGHTS  13-16 

ECP  124 

N.  B.  NORTH 


1 .  SUMMARY 

Battery  charging  must  be  controlled  for  DSCS-II  flights 
13  through  16  so  that  high-rate  overcharge  current  does 
not  exceed  C/10  (1.62  amperes),  so  that  recharge  current 
prior  to  overcharge  will  be  at  least  C/30  (0.54  amperes), 
at  50°F,  and  so  that  battery  temperature  will  remain  with¬ 
in  desired  limits  for  long-lived  operation. 

This  report  documents  detailed  design  requirements  for 
battery  control  and  presents  synthesis  and  analysis  of 
the  " 6B"  configuration  as  modified  to  provide  direct 
connection  of  batteries  to  the  bus  for  special-situation 
charging  at  a  low  bus  voltage.  Conclusions  of  the 
analysis  are,  assuming  that  battery  temperature  sensor 
•witch  points  are  at  64  and  71*F: 

•  The  bus  voltage  limits  should  be  set  at  nominal 
values  of  31.6  and  33.8  volts. 

•  The  resistance  in  the  low  rate  path  of  the  charge 
control  network  should  be  20  ohms. 

•  The  resistance  in  the  high-rate  path  of  the  charge 
control  network  should  be  3.095  ohms  (operating  in 
parallel  with  a  low-rate  path) . 


2.  BATTERY  CHARGE  CONTROL  REQUIREMENTS 

Each  battery  is  to  be  controlled  in  one  of  three  select¬ 
able  charge  modes,  namely: 
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•  High-rate  recharge  mode 

•  Low-rate  trickle  node 

•  Battery  isolation  node 

The  bus  is  to  be  operated  at  one  of  two  available  volt¬ 
age  linit  settings  in  automatic  "hands-off”  node  when¬ 
ever  possible. 

High-rate  recharge  node  consists  of  connection  of  the 
battery  to  the  bus  either  by  direct  connection  or 
through  a  low-value  limiting  resistance  (this  replaces 
the  former  "full  charge"  mode) .  Low-rate  trickle 
mode  consists  of  connection  of  the  battery  to  the  bus 
through  a  higher-value  limiting  resistance  (this  corres¬ 
ponds  to  earlier  terminology  of  "trickle  charge"  mode) . 

The  isolation  node  is  provided  for  isolation  of  a 
battery  from  the  bus  to  preclude  excessive  overcharge  in 
case  of  inadvertent  degradation  beyond  the  stage  at 
which  the  battery  can  safely  be  operated  in  high  or  low- 
rate  mode.  This  isolation  mode  is  represented  in  the 
earlier  replenishment  series  by  the  mini  trickle  mode; 
the  high-value  finite  limiting  resistance  for  mini- 
trickle  charging  is  not  required  —  it  could  conceivably 
be  infinite  (open  circuit) . 

The  discharge  path  for  the  batteries  in  the  three  modes 
is  either  direct  connection  or  a  single  series  diode  for 
the  high-rate  recharge  mode,  a  single  series  diode  for 
the  low-rate  trickle  mode,  or  two  diodes  in  series  for 
the  battery  isolation  mode. 

The  battery  control  requirements  and  goals  given  herein 
are  an  expansion  of  requirements  set  forth  in  Reference  1. 
Zn  case  some  possible  combination  of  requirements  or 
goals  cannot  simultaneously  be  satisfied  under  certain 
conditions,  then  these,  conditions  are  identified  and 
alternate  design  requirements  are  developed  where  appro¬ 
priate. 


2.1  Bus  Voltage 

The  bus  voltage  shall  not  exceed  34.0  volt, 
including  allowance  of  ±0.2  volt  for  lifetime 
drift  of  the  shunt  limiter. 

2.2  Electromagnetic  Compatibility 

2.2.1  Array  Voltage  Limiting  Mode 

The  primary  bus  output  impedance  shall 
be  less  than  1  ohm  for  dc  to  100  kHz 
when  the  bus  is  in  the  voltage  limiting 
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mode  and  shunt  current  is  greater  than 

1.2  amperes. 

2.2.2  Battery  Discharge  Mode 

The  primary  bus  output  impedance  shall 
be  less  than  1  ohm  from  dc  to  100  kHz 
when  the  bus  is  being  supplied  by  the 
batteries . 

2.2.3  Transition  Between  Voltage  Limiting  Mode 
and  Battery  Discharge  Mode 

The  combined  resistance  from  the  batteries 
to  the  bus  shall  not  exceed  1  ohm  when  all 
three  battery  control  networks  are  in  high- 
rate  recharge  configuration. 

Minimum  Low-Rate  Trickle  Charge  Current 

2.3.1  Beginning  of  Mission 

Current  during  low-rate  trickle  charging 
mode  shall  be  at  least  C/150  (0.108A)  at 
a  temperature  of  42°F,  at  beginning  of 
mission,  with  cell  voltage  uncertainty 
relative  to  nominal  Tafel  overcharge  data 
of  0.000V. 

2.3.2  End  of  Mission 

Current  during  low-rate  trickle  charging 
mode  shall  be  at  least  C/150  (0.108A) 
at  a  temperature  of  59°F,  at  end  of 
mission,  with  cell  voltage  uncertainty 
relative  to  nominal  Tafel  overcharge  data 
of  +0.015V. 

Maximum  Battery  Temperature  During  Low-Rate  Trickle 
Charging 


2.4.1  Battery  with  22  Unshorted  Cells 

Sustained  low-rate  trickle  charge  current 
to  a  22-cell  battery  shall  not  exceed  a 
value  which  would  preclude  battery  temp¬ 
erature  from  cooling  to  a  temperature  of 
64*F,  with  an  added  margin  of  -5*F,  in 
eclipse  season  sunlight  periods,  at  the 
high  bus  voltage  level  with  worst  case 
uncertainty  in  cell  voltage  of  -0.015V 
from  nominal  Tafel  overcharge  data  at 
BOM  and  0.000V  at  EOM. 
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2.4.2  Battery  with  21  Unshorted  Cells 

Sustained  low-rate  charge  current  to  a 
21-cell  battery  shall  not  exceed  a  value 
which  would  cause  battery  temperature  to 
be  in  excess  of  75°F  in  eclipse  season 
sunlight  periods,  at  the  high  bus  voltage 
level,  with  worst  case  uncertainty  in  cell 
voltage  of  -0.015V  from  nominal  Tafel  over¬ 
charge  data  at  BOM  and  0.000V  at  EOM. 

2.5.  Minimum  Current  During  High-Rate  Charging 

2.5.1  Battery  Heater  Turn-On  Temperature 

Charging  current  shall  be  at  least  C/35 
(0.463A)  during  high-rate  charging  if  the 
battery  temperature  decreases  to  the 
battery  heater  turn-on  temperature  of  42°F, 
when  accounting  for  worst-case  cell  voltage 
uncertainty  (+0.015V/cell  from  nominal 
Tafel  overcharge  characteristics  at  EOM, 
O.OOOV/cell  at  BOM) . 

2.5.2  Expected  Temperature  Range 

Charging  current  shall  be  at  least  C/35 
(0.463A)  during  high-rate  charging  with¬ 
in  the  expected  battery  temperature  range 
of  50  to  71*F,  when  accounting  for  worst- 
ease  cell  voltage  uncertainty  (t0.015V/ 
cell  from  nominal  Tafel  overcharge  charac¬ 
teristics  at  EOM,  O.OOOV/cell  at  BOM) . 

1 


2.6  Maximum  Current  During  High-Rate  Charging 

Charging  current  to  a  battery  with  21  unshorted 
cells  shall  not  exceed  C/10  (1.62  A)  following 
the  Initial  inrush  transient  when  the  battery 
temperature  is  within  the  range  of  42  to  71*F, 
accounting  for  worst  case  cell  voltage  uncertainty 
(-0.015V/cell  from  nominal  Tafel  overcharge 
characteristics  at  BOM,  O.OOOV/cell  at  EOM). 

2.7  Maximum  Temperature  of  22-Cell  Battery  During 
Isolation  Mode 

The  current  in  a  battery  containing  22  unshorted 
cells  shall  not  exceed  a  value  during  battery 
isolation  mode  which  would  prevent  the  battery 
f  }  from  cooling  to  a  temperature  below  64 *T  with  a 
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margin  of  9*F,  at  all  times,  accounting  for  worst 
case  cell  voltage  uncertainty  (-0 . 015V/cell  from 
nominal  Tafel  overcharge  characteristics  at  BOM, 
O.OOOV/cell  at  EOM) .  (This  goal  cannot  be  met 
under  all  conditions;  see  Sections  4.5.1  and 
4.5.6  through  4.5.8). 

2.8  Maximum  Temperature  of  21-Cell  Battery  During 
Battery  Isolation  Mode 

The  current  during  battery  isolation  mode  shall 
not  exceed  a  value  which  would  prevent  a  21-cell 
battery  from  cooling  to  a  temperature  below  75°F 
at  all  times,  accounting  for  worst-case  cell 
voltage  uncertainty  (-0.015V/cell  from  nominal 
Tafel  overcharge  characteristics  at  BOM,  0.000V/ 
cell  at  EOM) . 

2.9  Minimum  Current  During  Battery  Isolation  Mode 

As  a  goal,  the  current  during  battery  isolation 
mode  shall  not  be  less  than  C/200  (0.081  A) 
accounting  for  worst-case  cell  voltage  uncertainty 
(+0. 015V/cell  from  nominal  Tafel  overcharge 
characteristics  at  EOM,  O.OOOV/cell  at  BOM) . 

(This  goal  cannot  be  met;  see  Sections  4.5.6 
through  4.5.8)  . 

2.10  Minimum  Temperature  During  Battery  Isolation  Mode 

The  current  during  battery  isolation  mode  shall  be 
sufficient  to  maintain  a  battery  with  22  unshorted 
cells  at  a  temperature  above  42*F,  accounting  for 
worst-case  cell  voltage  uncertainty  (+0 . 015V/cell 
from  nominal  Tafel  overchage  characteristics  at 
EOM,  O.OOOV/Cell  at  BOM) . 

2.11  Temperature  Turn-Around  of  Battery  in  Direct 
Connection  to  Bus 

The  low  bus  voltage  limit  must  be  sufficiently 
great  that,  during  direct  connection  of  a  battery 
to  the  bus  during  eclipse  season,  internal 
dissipation  in  the  battery  will  be  sufficient  to 
heat  the  battery  to  at  least  the  upper  SSTS  switch 
point  of  71*F. 
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CHARGE  CONTROL  NETWORK 

The  charge  control  circuitry  for  each  battery  shall  be 
as  shown  in  Figure  3-1  .  Automode  charging  is  controlled 
via  opening  and  closing  of  contacts  of  the  K1  relay, 
using  the  SSTS  thermistor  for  the  control  sensor. 

Resistor  RLr  is  used  for  low-rate  charging,  with  Kl 
contacts  open.  Resistor  RuR  is  used  in  parallel  with 
Rlr  for  normal  high  rate  charging  with  Kl  contacts 
closed.  The  battery  will  normally  discharge  through  the 
diode  upon  demand  from  the  loads  in  absence  of  sufficient 
solar  array  current.  The  "K5"  contacts  are  closed  for 
special  situations  to  provide  direct  connection  between 
the  battery  and  the  bus. 

SYNTHESIS  OF  RESISTANCE  VALUES  IN  NETWORK 


The  restrictions  on  battery  current  are  for  overcharging 
only.  Cell  overcharge  voltage-current  density  (Tafel) 
characteristics  for  General  Electric  nickel-cadmium  cells 
are  graphed  for  a  range  of  temperatures  in  Figure  4-1. 
This  graphical  data  has  been  fitted  for  ceil  voltage 
(Vooii)  as  a  function  of  cell  current  (I,  amperes)  and 
cell  temperature  (T,  °F)  for  the  777  F13-16  case  where 
positive  plate  area  is  7.91  dm2,  to  yield 


10 


I  -  B 


-  b2t 


cell 


B, 


+  BjT 


(4-1) 


where 

Bo  —34.77167 
-  22.78185 
B2  -  0.0440618 

B3  -  -0.0086788 
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FIGURE  3-1.  BATTERY  CONTROL  NETWORK 
(Typical  of  3) 
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In  each  case  where  it  turns  out  to  be  appropriate  and 
tractable,  the  allowable  combinations  of  limiting  resis¬ 
tance  and  bus  voltage  are  examined.  This  bounds  the 
design  problem  and  helps  avoid  the  situation  of  analy¬ 
tically  experimenting  with  a  large  number  of  potential 
solutions  and  finding  out  that  many  of  them  fail  to  meet 
one  or  more  of  the  requirements.  More  specifically,  the 
requirements  are  formulated  in  terms  of  inequalities  to 
represent  allowable  limiting  resistance  in  terms  of  bus 
voltage . 

Segments  of  the  battery  controls  are  analyzed  in  the 
sequence: 

•  High-rate  limiting  resistance 

•  Low-rate  limiting  resistance 

•  Direct  connection 

•  Battery  isolation  mode 

4.1  High-Rate  Limiting  Resistance 

The  requirements  governing  high-rate  charging 
through  the  parallel  combination  of  Rhr  and  R^r 
are  dealt  with  individually.  The  symbol  Rrl  is 
used  for  the  resistance  of  the  parallel  combina¬ 
tion: 


Rpl 


Rhr  *  Rt.r 
Rhr  +  rlr 


(4.1-1) 


4.1.1  Bus  Resistance 

The  combined  resistance  from  the  three 
batteries  to  the  bus  must  not  exceed 
1  ohm  when  the  control  network  for  each 
battery  is  in  high-rate  recharge  con¬ 
figuration  (Section  2.2.3).  Resistance 
RpL  for  each  battery  circuit  must  then 
be  limited  to  3  ohms. 

Rpjj  c  3.0  (4.1-2) 

in  order  that  the  parallel  combination 
for  three  batteries  not  exceed  1  ohm. 

4.1.2  Maximum  Overcharge  Current 

'  Overcharge  current  must  not  exceed  1.62A 
when  the  battery  control  network  is  in 
high-rate  mode,  with  the  battery  being 
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charged  through  Rp^,  except  during 
initial  turn-on  of  current  through  P.pr 
(Section  2.6) 

I  <  1.62A 

In  order  to  accomplish  this,  Rpl  is 
limited  by 

v  -  V 

R  >  BUS _  BAT 

1.62A 

VbAT  a  function  of  worst-case  cell 
temperature  T,  cell  current,  the  minimum 
specified  quantity  of  unshorted  cells 
(21),  cell  voltage,  and  worst-case 
uncertainty  of  cell  voltage  (-0.015  V/cell 
at  BOM) .  Current  will  be  greatest  when 
cell  temperature  is  greatest.  This  will 
occur  in  high-rate  overcharge  as  the 
battery  reaches  the  temperature  at  which 
the  SSTS  causes  relay  K1  contacts  to 
open  to  reconfigure  the  charge  control 
network  to  low-rate  mode.  This  tempera¬ 
ture  is  nominally  71°F.  From  either 
Figure  4-1  or  equation  4-1,  nominal  cell 
voltage  at  a  current  of  1.62A  and  temp¬ 
erature  of  71°F  is  1.437V.  The  worst- 
case  uncertainty  in  cell  voltage  for  the 
maximum  overcharge  current  requirement 
is  -0.015V,  to  give  a  modified  cell 
voltage  of  1.422V.  The  voltaqe  of  a  21 
cell  battery  is  then  29.863V. 

The  maximum  overcharge  current  constraint 
thus  becomes 

rPL  >  VBUS  *  29  * 863  (4.1-3) 

1.62 

4.1.3  Minimum  Recharge  Current 

4. 1.3.1  Battery  Heater  Turn-On  Tempera¬ 
ture 

The  minimum  recharge  current 
must  be  C/35,  or  0.463  A  at  the 
battery  heater  turn-on  tempera¬ 
ture  of  42°F  (Section  2.5.1). 

The  parallel  resistance  to 
accomplish  this  is 

V  V 

R_.  <  BUS  -  BAT 

- £74*3 - 
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VBAT  *n  case  is  a  function 

or  temperature,  cell  current  of 
0.463  A,  the  maximum  quantity 
of  unshorted  cells,  cell  volt¬ 
age,  and  worst-case  uncertainty 
of  cell  voltage  (+0.015  V/cell 
at  EOM) .  The  overcharge  data 
of  Figure  4-1  or  equation  4-1 
yields  nominal  cell  voltage  of 
1.454  V.  Application  of  worst- 
case  uncertainty  of  +0.015  V/ 
cell  gives  a  modified  cell 
voltage  of  1.469  V.  The  voltage 
of  a  22-cell  battery  is  thus 
32.310V.  The  minimum  recharge 
current  constraint  for  42°F  then 
becomes 

R_  *  VBUS  *  32‘310  ( 4 . 1-4A) 

iL  _  _____ 


4.1.3. 2 


i 


I 


Expected  Temperature  Range 


The  minimum  recharge  current 
to  a  battery  within  the  tempera¬ 
ture  range  of  50  to  71°F  must 
be  C/30,  or  0.54  A(  Section 
2.5.2).  Using  analysis  similar 
to  that  fcr  Section  4. 1.3.1 
above,  the  minimum  recharge 
current  constraint  for  this 
temperature  range  is 


*PI,  * 


4  VBUC  “  32 • 128 


0.54 


(4.1-4B) 


( 

I 


4.1.4  Bus  Voltage 

The  bus  voltage  is  required  to  not  exceed 
34.0  V  (Section  2.1).  This  is  represented 
simply  by: 

VBUS  <  V  (4.1-5) 

4.1.5  Combined  Requirements  for  High-Rate 
Recharging 

The  combined  constraints  of  expressions 
4.1-2  through  4.1-5  are  graphed  in 
Figure  4-2  .  in  addition,  constraints 

representing  other  combinations  of  cell 
parameters  are  shown  for  information,  even 
though  they  are  dominated  by  constraint 
expressions  4.1-2  through  4.1-5. 
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4.1.6  Allowable  Combinations  of  Bus  Voltage 
and  High-Rate  Limiting  Resistance 

An  allowable  combination  of  bus  voltage 
and  high-rate  limiting  resistance  would 
be  any  point  which  simultaneously  resides 
on  the  unshaded  side  of  each  and  every 
defined  constraint  line.  However,  the 
bus  voltage  can  be  controlled  with 
existing  spacecraft  circuitry  only  to  a 
band  not  exceeding  i  0.2  volt  above  and 
below  the  nominal  setting.  Thus  the 

allowable  combination  of  nominal  bus 
voltage  and  high-rate  limiting  resis¬ 
tance  is  defined  by  the  space  on  the 
graph  in  which  a  vertical  line  of  0.4 
volt  dimension  will  fit  within  the 
constraining  boundaries.  This  region 
is  shown  in  Figure  4-2  as  the  triangle 
with  dotted  interior,  bounded  by  the 
three  points: 

VBUS  *PL 

(V)  (  n) 

33.66  2.468 

33.80  2.554 

33.80  2.726 

A  portion  of  the  allowable  combination 
of  Rpr  and  Vpus  was  accepted  jointly 
by  77/  Systems  Engineering,  Power  and 
Distribution  Subproject,  and  Battery 
Engineering,  as  that  space  in  the  graph 
which  fits  directly  against  the  34.0 
volt  upper  limit  on  bus  voltage, 
including  +0.2  V  allowance  for  long-term 
drift.  This  yields  the  range  of  design 
points  as  a  point  setting  of  33.8  V  for 
the  nominal  bus  limiter  setting  and  a 
range  of  2.554  to  2.726  ohms  for  the 
parallel  resistance  Rpj,. 

The  determination  of  actual  high-rate 
limiting  resistance  Rhp  is  deferred 
until  selection  of  low-rate  limiting 
resistance  R£,R. 


A8-19 


79.8723. 1C-001 


C 

4.2  Low-Rate  Limiting  Resistance 

Each  individual  requirement  relating  to  low-rate 
trickle  charting  is  transformed  into  a  mathema¬ 
tical  constraint  similarly  to  the  methods  of 
Section  4.1. 

4.2.1  Minimum  Trickle  Charge  Current  During 

Normal  Operation 

4. 2. 1.1  Beginning  of  Mission 

Minimum  trickle  current  will 
be  supplied  to  a  battery  with 
22  unshorted  cells  when  it  is 
at  its  coldest  allowable  temp¬ 
erature  of  42#F  at  beginning 
of  mission,  with  the  worst-case 
uncertainty  in  cell  voltage  of 
0.000  V/cell.  This  minimum 
current  must  be  at  least  0.108  A 
(Section  2.3.1).  The  bus- 
voltage-resistance  constraint 
to  accomplish  this  is 

f  R.~  <  VBUS  “  VBAT 

1  XR - OUB - 

« 

The  cell  voltage  under  the 
stated  conditions  will  be  1.425V 
and  the  resultant  battery  volt¬ 
age  will  be  31.360  V.  The 
constraint  is  thus 

R.,  *  VBUS  -  31.360  (4.2-1A) 

**  0.108 

4. 2. 1.2  End  of  Mission 

Minimum  trickle  current  will 
be  supplied  to  a  battery  with 
22  unshorted  cells  when  it  is 
at  its  coldest  expected  tempera¬ 
ture  of  59*F  at  end  of  mission, 
with  the  worst-case  uncertainty 
in  cell  voltage  of  +0.015  V/cell. 
This  minimum  current  must  be  at 
least  0.108  A  (Section  2.3.2). 

The  bus-voltage-resistance 
constraint  to  accomplish  this 

R,.  <  VBUS  -  VBAT 

™  irare — 


o 
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The  nominal  cell  voltage  under 
the  stated  conditions  will  be 
1.401  V.  Application  of 
+0.015  V  uncertainty  allowance 
to  this  value  gives  worst-case 
cell  voltage  of  1.416  V  and 
battery  voltage  of  31.157  V. 
The  constraint  is  thus 

R--  <  VBUS  -  31.157  (4.2-1B) 

0.108 


4.2.2  Maximum  Battery  Temperature  During  Low- 
Rate  Trickle  Charging 

Low-rate  charging  must  be  controlled  so 
that  minimum  current  will  be  supplied 
to  each  battery  and  so  that  battery 
temperature  does  not  exceed  the  stated 
maximum  temperature.  Heat  rejection 
capability  is  given  for  each  battery  at 
beginning  and  end  of  mission  in  equinox 
in  Reference  3.  This  data  is  graphed  in 
Figure  4-3. 

4. 2. 2.1  Battery  With  22  Unshorted  Cells 

The  low-rate  trickle  resitance 
must  not  be  less  than  a  value 
which  will  limit  dissipation  of 
a  22-cell  battery  to  less  than 
the  heat  rejection  capability 
for  the  battery  at  a  temperature 
of  59*F  during  eclipse  season, 
with  worst-case  uncertainty  in 
cell  voltage  of  0.000  V/cell  at 
ROM  (the  worst  ease  occurs  at  end 
of  mission  when  heat  rejection 
capability  of  a  satellite  battery 
is  decreased). 

Examination  of  the  end-of- 
mission  portion  of  Figure  4-3 
reveals  that  battery  dissipa¬ 
tion  of  5.2  watts  will  result 
in  steady-state  battery  temp¬ 
erature  of  59*F  or  less  (59*F 
for  battery  A,  57*F  for  battery 
B,  and  58*F  for  battery  C) . 
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The  overcharge  current  at 
which  battery  dissipation 
equals  5.2  watts,  using  cell 
voltage  uncertainty  of  zero,  is 
determined  by  trial  and  error 
with  equation  4-1  to  be 
0.16766  ampere.  At  this 
operating  point,  cell  voltage 
is  1.410  volt  and  battery 
voltage  is  31.016  volt.  The 
limiting  resistance  required  to 
limit  maximum  temperature  is 
determined  in  general  by 


*TL  -  VBUS  ~  VBAT 
0.16766 


and  specifically  by 

*TL  ^VBUS  ~  31 » 016 
0.16766 


(4.2-2) 


4. 2. 2. 2  Battery  With  21  Unshorted 
Cells 


The  low-rate  trickle  resist¬ 
ance  must  exceed  a  value 
which  will  cause  overcharge 
dissipation  in  a  21-cell 
battery  to  limit  battery  tempera¬ 
ture  to  a  maximum  of  75*F  during 
eclipse  season  and  end-of-mission, 
with  worst-case  cell  voltage 
uncertainty  of  0.000  V/cell 
relative  to  nominal  overcharge 
characteristics.  From  Figure  4-3, 
it  is  determined  that  battery 
dissipation  of  no  more  than  13.1 
watts  will  result  in  steady-state 
temperatures  of  75*F.  The  battery 
operating  point  at  which  this 
dissipation  occurs  at  this  temp¬ 
erature  is  determined  from  equation 
4-1  to  be  0.44371  amperes  at 
29.524  volts.  The  limiting 
resistance  required  to  limit  maxi¬ 
mum  temperature  for  this  case  is 
specified  by 


t  V»0S  "  **»524  (4.2-3) 

5741371 


O 
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4.2.3.  Combined  Requirements  for  Low-Rate 
Trickle  Charging 

The  combined  constraints  of  expressions 
4.1-5  and  4.2-1  through  4.2-3  are 
graphed  in  Figure  4-4.  Also,  constraints 
representing  other  combinations  of  cell 
quantity  and  time  in  mission  are  shown 
for  information. 

4.2.4  Allowable  Low-Rate  Limiting  Resistance 

The  feasible  region  for  combinations  of 
low-rate  limiting  resistance  and  bus 
voltage  limit  is  bounded  by  the  polygon 
containing  the  unshaded  side  of  each  of 
the  constraint  lines  for  expressions 
4.1-5  and  4.2-1  through  4.2-3.  This 
region  is  further  limited  by  the  decision 
to  use  a  bus  limit  of  33.8  i  0.2  volts 
(see  Section  4.1.6).  The  remaining 
feasible  space  is  represented  by  the 
space  in  which  a  vertical  line  of 
dimension  0.4  volt  (the  peak-to-peak 
band  of  allowable  bus  limiter  drift) 
can  fit  against  the  bus  voltage  con¬ 
straint  expression  (4.1-5)  and  within 
the  42*F  temperature  and  C/150  con¬ 
straints  (expressions  4.2-1  and  4.2-2). 
This  space  is  indicated  as  the  hatched 
rectangle  in  Figure  4-4.  The  low-rate 
trickle  resistance  value  is  thus 
constrained  to  be  within  the  range  (in 
ohms)  s 

17.80  £  Rj^  £  20.74  (4.2-4) 

Choice  of  Values  of  Limiting  Resistance  For  Low 
and  High-Rate  Charging 

The  actual  value  of  low-rate  limiting  resistance 
has  been  chosen  to  be  20.0  ohms  (implemented  as 
two  10.0  ohm  t  1%  resistors  in  series)  based  on 
standard  resistor  values  chosen  to  have  the 
shortest  procurement  time  (Reference  4) 

The  allowable  values  for  high  rate  resistance  are 
those  which  allow  the  parallel  combination  of 
high  and  low-rate  resistances  (in  ohms)  to  be 
in  the  range  (Section  4.1.6); 

2.554  £  RpL  £  2.726  (4.3-1) 
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Combining  expressions  4.3-1  and  4.1-1  yields 

2.93  <  ^<3.16  (4.3-2) 

The  actual  value  which  has  been  chosen  for  R 
is  3.095  ohms,  formed  by  a  parallel  pair  of  HR 
two  6.19  ohm  t  1%  resistors  (Reference  4). 

4.4  Direct  Connection  Between  Battery  and  Bus 

It  is  desirable  to  allow  direct  connection  be¬ 
tween  any  one  or  more  batteries  and  the  bus  to 
provide  added  flexibility  for  accommodation  of 
possible  partially  failed  batteries.  Direct 
connection  offers  two  advantages: 

•  added  flexibility  to  control  load  sharing 
during  discharge;  i.e.,  zero  diodes  in  series 
with  a  battery,  as  well  as  one  or  two  diodes, 
and 

•  a  backup,  contingent  method  for  giving  a 
manually  controlled  high-rate  boost  charge 
in  case  present  dependence  on  lower  rate 
charging  turns  out  to  be  less  than  adequate 
for  maintaining  energy  balance  through  all 
conceivable  phases  of  the  spacecraft  mission 
(including  accommodation  for  potential 
failures  outside  the  power  subsystem) . 

It  is  apparent  from  Figure  4-2  that  high-rate 
parallel  resistance  of  zero  ohms  between  a 
battery  and  the  bus  does  not  meet  all  identified 
constraints  together  with  all  worst-case  allow¬ 
ances  for  uncertainty  in  cell  and  bus  voltage, 
for  unattended  operation  of  the  power  subsystem. 
It  is  therefore  important  that  any  use  of  direct 
battery  connection  be  accompanied  by  adequate 
surveillance  so  that  charging  a  battery  through 
direct  bus  connection  can  be  manually  terminated 
before  any  potentially  hazardous  high-rate  over¬ 
charging  can  occur. 

The  bus  voltage  limit  must  be  as  low  as  possible 
in  order  to  limit  the  potential  for  high-rate 
overcharging,  but  must  be  high  enough  that  the 
battery  has  sufficient  dissipation  to  preclude 
too  low  a  battery  temperature. 

4.4.1  Constraints  on  Selection  of  Lower  Bus 
Voltage  Limit 

The  lower  bus  voltage  limit  is  deter¬ 
mined  using  two  constraints,  both 
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applicable  for  eclipse  season  (equinox) ; 

•  The  battery  must  heat  during  direct 
connection  to  at  least  71*F  (Section 
2.11) ,  and 

a  Overcharge  current  at  a  temperature 
of  71*F  must  not  exceed  C/10  (1.62A) 
(Section  2.6). 

4. 4. 1.1  Battery  Self-Heating 

Battery  dissipation  is  calcu¬ 
lated  as  a  function  of  temper¬ 
ature  for  a  range  of  bus 
voltage  limits;  this  is  graphed 
Simultaneously  with  heat 
rejection  capability  of  each 
battery  during  equinox  in 
Figure  4-5.  In  this  figure, 
worst-case  cell  voltage  of 
40.015  V/Cell  is  incorporated 
for  end-of -mis sion  conditions, 
to  represent  the  minimum-dissi¬ 
pation  case  for  the  battery. 


The  curves  on  Figure  4-5 
reveal  that,  for  example,  use 
of  bus  voltage  of  31.3  V 
allows  battery  dissipation 
during  direct,  full  charge  . 
connection  to  be  less  than 
the  heat  rejection  capability 
of  one  or  more  of  three  space¬ 
craft  batteries  within  the 
temperature  range  of  approxi¬ 
mately  50  to  73*F.  This  means 
that  if  the  bus  voltage  is  this 
low,  the  battery  will  not  be 
able  to  reach  the  upper  SSTS 
switch  point  of  71*F  and  be  reset 
back  into  low-rate  trickle  charge. 


The  heat  rejection  capability 
characteristics  are  estimated 
to  have  uncertainty  in  tempera¬ 
ture  of  approximately  i  5*F 
(Reference  5) .  An  allowable 
bus  voltage  which  will  assure 
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self-heating  of  each  battery 
is  determined  by  selecting  a 
dissipation  curve  on  Figure 
4-5  which  is  displaced  horizon¬ 
tally  from  the  lowest  heat 
rejection  curve  (namely  battery 
B)  by  at  least  5#F.  The  dissi¬ 
pation  curve  for  bus  voltage 
of  31.6  volts  just  barely 
meets  this  criterion.  Higher 
bus  voltages  meet  this  criter¬ 
ion  by  greater  margins. 

4.4.1. 2  Maximum  Overcharge  Current 
Zn  Direct  Connection 

A  battery  that  is  connected 
directly  to  the  bus  will  have 
overcharge  current  that 
increases  with  increasing 
temperature,  as  shown  in 
Figures  4-6  and  4-7.  These 
figures  show  sensitivity  to 
cell  voltage  uncertainty  at 
end -of -mission  of  0.000  and 
■tO. 015  V/cell,  respectively. 

This  data  is  reformatted  in 
Figure  4-8  to  show  overcharge 
current  at  battery  tempera¬ 
ture  of  71*F  as  a  function  of 
bus  voltage.  Cell  voltage 
uncertainty  is  shown  as  a 
parameter  in  the  range  from 
4-0.015  to  -0.015  volt  per 
cell. 

The  greatest  interest  for  use 
of  direct  connection  of  a 
battery  to  the  bus  occurs 
when  cell  voltage  increases 
during  continued  recharging, 
to  the  point  where  charging 
at  the  high  bus  voltage  of 
33.8  volts  would  conceivably 
be  inadequate.  This  would  be 
a  contingency  in  which 
direct  bus  connection  would 
be  used  at  a  lowered  bus 
voltage.  Thus  the  positive 
variation  of  cell  voltage 
in  overcharge  is  of  no 
apparent  significance  for 
examination  of  direct  bus 
connection. 
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Bus  voltage 
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Zf  we  accept  nominal  cell 
voltage  (iv  ■  0.000  V/Cell) 
in  overcharge  as  the  worst 
case  in  which  direct  bus 
connection  might  be  considered, 
then  the  highest  bus  voltage 
at  which  cell  current  will 
remain  below  the  maximum  over¬ 
charge  current  criterion  of 
C/10  (1.62A)  at  71T  is 
31.66  volts. 

4.4.1. 3  Selection  of  Z,ower  Bus  Voltage 
Limit 

The  nominal  bus  voltage  for 
use  during  direct  connection 
of  the  batteries  to  the  bus 
must  be  at  least  31.6  volts 
(Section  4. 4. 1.1).  The  actual 
bus  voltage  must  be  less  than 
31.66  volts  in  order  to  limit 
overcharge  current  to  less  than 
C/10  (4. 4. 1.3),  at  least  early 
in  the  mission.  If  actual  bus 
voltage  exceeds  31.66  volts 
because  of  shunt  limiter  drift 
from  its  original  setting,  then 
manual  control  may  be  necessary 
to  ensure  battery  switching 
to  manual  trickle  before  over¬ 
charge  current  becomes  excessive. 
The  value  of  31.6  volts  is  chosen 
as  the  best  available  compromise. 

The  very  narrow  range  of  an 
acceptable  level  of  nominal 
bus  voltage,  in  concert  with 
the  assigned  long-term  tolerance 
for  bus  voltage  drive  of  +  0.2 
volt,  emphasizes  the  need~for 
careful  monitoring  of  battery 
and  power  subsystem  performance 
whenever  the  spacecraft  may  be 
in  direct  bus-battery  connection 
mode.  Zt  should  be  used  only 
for  the  contingency  in  which 
high-bus  voltage  operation  for 
some  reason  does  not  meet 
expectations. 


4.5  Battery  Isolation 

The  aggregate  of  desired  requirements  for  isolation 
of  e  battery  during  charging  turn  out  not  to  be 
achievable  simultaneously.  These  requirements 
ere  examined  in  this  section,  and  alternate 
requirements  ere  determined  and  implemented. 
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4.5.1  Maximum  Temperature  of  Battery  With  22 
Unshorted  Cells  During  Isolation  Mode 

The  battery  is  not  supposed  to  exceed  a 
temperature  of  55*F  (64*F  less  margin  of 
9*F)  at  any  time,  according  to  Section 
2.7.  This  condition  cannot  be  met  with 
any  value  of  current  at  winter  solstice. 
Beat  rejection  capability  of  the  batteries 
during  winter  solstice  is  plotted  in  Figure 
4-9  (Reference  5) .  Battery  C  cannot  cool 
below  59*F  at  BOM  or  69°F  at  EOM  even 
with  zero  dissipation  from  recharging  or 
overcharging  current.  Batteries  A  and 
B  cannot  cool  below  57 *F  at  BOM  or  68 *F 
at  EOM  with  zero  dissipation. 

4.5.2  Maximum  Temperature  of  Battery  with  21 
Unshorted  Cells 

Current  during  battery  isolation  mode  must 
be  low  enough  that  temperature  of  a  21  cell 
battery  will  cool  down  to  no  greater  than 
75*F.  The  limiting  case  for  this  require¬ 
ment  is  winter  solstice  at  EOM.  From 
Figure  4-9,  it  is  determined  that  maximum 
dissipation  from  the  batteries  to  meet 
this  temperature  is: 

•* 

3.6  watts  for  Battery  A, 

3.6  watts  for  Battery  B,  and 

3.1  watts  for  Battery  C 

Zn  order  to  have  a  general  design  that 

meets  the  requirement  for  all  batteries, 
the  value  of  3.1  watts  is  used.  This 
power  is  dissipated  in  the  worst-case  at 
EOM  (cell  voltage  uncertainty  is  0.000 
volt  relative  to  minimal  Tafel  overcharge 
data)  when  the  current  is  0.10712  ampere. 
The  cell  voltage  and  battery  voltage  at 
this  current  level  are  1.378  and  28.938 
volts.  The  constraint  on  isolation  mode 
resistance  is 

*IIT  >  VBUS  -  VBAT 
I 

or,  specifically 

IL_  >  VBUS  -  28.938  (4.5-1) 

™  — 6 .16712 - 
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4.5.3  Minimum  Temperature  of  Battery  With 

22  Unahorted  Cells  During  Isolation  Mode 

Current  during  battery  isolation  mode 
■ust  be  great  enough  that  temperature 
of  a  22  cell  battery  will  not  cool 
below  a  temperature  of  42*F  during 
solstice.  The  most  demanding  period 
for  this  requirement  is  summer  solstice 
at  beginning  of  mission. 

Beat  rejection  capability  durinq  summer 
solstice  is  graphed  in  Figure  4-10  for 
beginning  and  end-of-mission  (Reference 
6) .  Extrapolation  from  this  data 
yields  minimum  battery  dissipation  which 
will  maintain  temperature  to  at  least 
42*F  of 


4.5.4 


0.2  watts  for  Battery  1. 

1.3  watts  for  Battery  2,  and 

0.2  watts  for  Battery  3 

For  the  general  case,  1.3  watts  dissipa¬ 

tion  in  each  battery  will  maintain  its 
temperature  at  or  greater  than  42aF. 


The  cell  current  and  voltage  which  will 
cause  a  battery  to  dissipate  1.3  watts 
at  42*F  are  0.042A  and  1.407  V  (AVr.n 
■  0.000  V/cell  at  worst  case).  The0*1-1 
corresponding  battery  voltage  is  30.957. 
The  corresponding  constraint  on  limiting 
resistance  is 


VBPS  1  30-957 

0.04200 


(4.5-2) 


Minimum  Current  During  Battery  isolation 


Xt  is  desired  to  maintain  battery  current 
at  no  less  than  C/200  (0.081A)*  according 
to  Section  2.9.  At  the  minimum  tempera¬ 
ture  of  42aF  (constrained  by  expression 
4.5-2)*  cell  and  battery  voltage  are 
1.420  and  31.237V.  The  constraint  on 
limiting  resistance  to  satisfy  this  goal 
1st 


Vr  i  vbps  "  31,237 
0.081 


(4.5-3A) 
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For  the  upper  temperature  of  55 *F  (if 
the  maximum  temperature  requirement 
of  Sections  2.7  and  4.1.1  could  be  met), 
the  constraint  on  limiting  resistance 
would  be 

V  -  30.830 

1L..  <  BUS _  (4.5-3B) 

0.081 

4.5.5  Bus  Voltage  Limit 

The  bus  voltage  limit  has  been  selected 
to  be  33.8  i  0.2V  (Section  4.1.6).  The 
corresponding  constraints  for  battery 


isolation 

mode  are 

VBUS  - 

34.0 

(4.5-4A) 

and 

V  - 

BUS 

33.6 

(4.5-4B) 

4.5.6  Combined  Requirements  for  Battery 
Isolation  Mode 

The  combined  constraints  of  expressions 

4.5- 1  and  -2,  4.3-3A,  and  4.5-4A  and 
-4B  are  graphed  on  Figure  4-11.  The 
acceptable  region  for  each  constraint 
is  the  unshaded  side  of  the  constraint 
line. 

Examination  of  Figure  4-11  reveals 
incompatibility  between  the  constraints; 
this  means  that  the  design  requirements 
of  Section  2.7  through  2.10  are  them¬ 
selves  incompatible.  The  minimum-current 
constraint  for  42*F  (4.5-3A)  would 
allow  operation  only  in  the  upper  left 
hand  region  of  the  graphed  space, 
whereas  the  maximum  temperature 
constraint  for  a  21  cell  battery  (4.5-1) 
would  restrict  the  operating  region  to 
the  right-hand  side  of  the  grsphed 
space.  Even  if  the  minimum  current 
constraint  were  relaxed  from  42*F  to 
the  maximum  desired  temperature  of  55*F 
for  a  22  call  battery  (expression 

4.5- 3B)#  the  incompatibility  between 
requirements  would  continue  to  exist. 

Zt  should  be  remembered  that  the 
maximum  temperature  requirement  for  a 


O 
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22  cell  battery  cannot  be  achieved 
with  any  limiting  resistance  (Section 
4.5.1) . 


4.5.7  Back  To  The  Drawing  Board  For  Battery 
Isolation 

The  consequences  of  using  two  represen¬ 
tative  point  designs  are  examined  rela¬ 
tive  to  the  requirements  of  Sections 
2.7  through  2.10.  Specifically,  values 
of  55  ohms  and  infinity  (open-circuit) 
are  examined. 

4. 5. 7.1  Fifty-Five  Ohm  Battery 
Isolation  Resistance 

Battery  dissipation  is  calcu¬ 
lated  as  a  function  of  battery 
temperature  for  current  limit¬ 
ing  resistance  of  55  ohms, 
using  the  worst  case  bus 
voltage  band  of  33.8  t  0.2 
volts  and  the  worst-case 
bands  for  cell  voltage 
uncertainty  of  -0.015  to 
0.000  V/Cell  at  BOM  and  0.000 
.  to  +0.015  V/Cell  at  EOM. 

Plots  of  battery  dissipation 
characteristics  are  overlaid 
on  battery  heat  rejection 
characteristics  to  determine 
simultaneous  solutions  to  the 
combinations  of  curves.  These 
graphical  solutions  are  given 
in  Figures  4-12  through  4-14 
for  batteries  with  21  unshort¬ 
ed  cells  during  equinox, 
winter,  and  summer  seasons 
and  in  Figures  4-15  through 
4-17  for  batteries  with  22 
unshorted  cells  during  the 
same  seasons. 

The  bands  of  operating  temp¬ 
eratures  are  summarized  in 
Table  4-1  for  the  aggregate 
of  three  batteries  with 
combinations  of  worst-case 
cell  voltage  uncertainty, 
together  with  the  associated 
overcharge  current  ranges. 
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4. 5. 7. 2  Open-Circuited  Battery 

Operating  temperatures  for 
batteries  which  are  open- 
circuited  in  the  charging 
direction  are  determined 
from  the  intersection  of 
their  heat  rajection  charac¬ 
teristics  with  the  tempera¬ 
ture  axis  (sero  power) .  These 
temperatures  are  summarized 
in  Table  4-2. 

4.S.8  Evaluation  of  Alternate  Battery 
Isolation  Mode  Approaches 

Placement  of  batteries  into  isolation 
will  not  be  a  common  occurrence  during 
the  spacecraft  mission.  Instead,  it 
will  be  used  only  for  the  mode  to 
which  a  battery  switches  following 
termination  of  recondition  discharge 
or  for  abnormal,  unanticipated  events 
for  which  normal  automode  or  manual 
low-rate  trickle  charging  do  not  appear 
appropriate  (including  automatic 
switching  to  isolation  mode  in  case  of 
battery  overtemperature) .  In  the  first 
case,  isolation  mode  is  of  short  dura¬ 
tion  to  allow  battery  open-circuit 
voltage  to  reach  a  value  high  enough  that 
automode  charging  can  be  used  without 
excessive  dissipation  in  the  limiting 
resistors.  In  the  second  case,  isola¬ 
tion  mode  can  be  used  for  short  durations 
to  give  time  for  decision  making  regard¬ 
ing  unanticipated  events,  or  for  longer 
durations  to  store  a  battery  which  has 
suffered  worse  degradation  than  what 
the  power  subsystem  has  been  designed 
for. 

Concern  has  been  displayed  by  various 
parties  and  agencies  about  long-term 
storage  of  batteries  in  open-circuit, 
because  of  possible  degradation  within 
open-circuited  cells.  The  point  that 
is  to  be  made  here  is  that  the  only  time 
which  long-term  storage  of  a  battery  would 
be  used  is  when  the  battery  has  deteriorated 
so  much  that  it  is  essentially  abandoned 
for  any  further  use.  Long-term  storage 
in  open  circuit  is  thus  of  no  concern 
for  the  DSCS-IX  spacecraft  application. 
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Open  circuit  for  isolation  of  a 
battery  from  tha  bus  (in  tha  charging 
direction  only)  thus  becomes  attractive. 
The  stated  requirement  for  minimum  over¬ 
charge  current  of  C/200  is  abandoned 
because  of  lack  of  need  or  value. 

Open-circuit  mode  allows  a  battery  to 
operate  as  cool  as  is  possible,  because 
no  dissipation  from  overcharging  will 
occur.  Thus  the  maximum  temperature 
requirements  of  Sections  2.7  and  2.8 
are  met  with  the  greatest  margin  (or, 
in  the  case  of  a  22  cell  battery  in 
winter  solstice  at  end-of -mission,  with 
the  least  negative  margin) . 

Use  of  a  55  ohm  resistance  for  battery 
isolation  offers  very  little  benefit 
relative  to  open-circuit.  The  22-cell 
battery  overcharge  current  is  still 
not  very  close  to  the  stated  goal  of 
C/200.  The  margin  from  the  desired 
maximum  battery  temperature  is  not  as 

!reat  and  the  capability  for  disconnect- 
ng  a  really  degraded  battery  from  the 
but  does  not  exist  (an  extremely  unlikely 
occurrence  if  the  design  is  presumed  to 
be  correct,  but  remember  Murphy  and  his 
laws) . 

The  open-circuit  mode  is  thus  preferable 
to  the  old  high-resistance  minitrickle 
mode  for  isolation  of  a  battery  for 
either  short  or  long  duration. 

.8  SMC  Considerations 

Bus  Impedance  is  required  to  be  less  than  1  ohm 
for  dc  to  100  kHz  when  the  bus  is  being  supplied 
by  the  batteries.  The  circuit  path  for  this 
operational  mode  is  the  same  as  for  initial  and 
replenishment  satellites  when  all  batteries  are 
in  low-rate  trickle  charge  configuration  (K1 
and  ”KS”  contacts  open,  current  path  through  the 
PCU  diodes) . 

The  fllcht  13-16  circuit  uses  the  same  circuit 
path)  since  this  represents  no  deoarture  from 
earlier  satellite  series,  and  since  the  flight 
13-16  batteries  will  offer  lower  source  impedance 
than  the  flight  7-12  batteries  (because  of 

I  renter  plate  surface  area),  this  operating  mode 
s  not  reanalyzed  in  this  study. 
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Bus  impedance  is  rsquirsd  to  bs  lass  than  1  ohm 
from  dc  to  100  kHz  when  the  bus  is  being  supplied 
by  the  solar  array  in  the  bus  limiting  mode  and 
shunt  current  is  greater  than  1.2  amperes.  Bus—, 
impedance  in  this  mode  is  controlled  primarily 
by  the  shunt  regulator  and  PCD  bus  filter. 

The  battery  circuit  itself  provides  shunting 
impedance  across  the  bus  of  &.89A  or  less 
when  all  XI  contacts  are  closed  and  the  "K5” 
contacts  are  open  and  6.67JL  or  less  when  all 
XI  and  X5  contacts  are  open. 

This  is  in  parallel  with  the  shunts  limiter  and 
array  circuit  that  feeds  the  bus.  The  combined 
bus  impedance  under  a  similar  mode,  charging 
two  batteries  in  trickle  charge  through  7  ohm 
resistances,  was  analyzed,  tested,  and  demon¬ 
strated  to  meet  the  specification  of  less  than 
1.0  ohm  from  dc  to  100  kHz  (Reference  7). 

5.  CONTINGENCY  MODE  OPERATION 

Various  contingencies  must  be  analyzed  to  satisfy 
questions  regarding  operation  under  various  abnormal 
conditions.  These  include  such  events  as  excessive 
load  demand  (because  of  potential  failure  of  power 
using  equipment)  and  loss  of  one  or  more  batteries 
from  useful  operation.  This  contingency  analysis  is 
beyond  the  scope  of  this  report,  and  is  planned  for 
presentation  in  a  separate  report. 

6.  CONCLUSIONS 

The  selected  component  values  for  the  battery  control 
network  are  given  in  Figure  6*1.  This  network  will 
serve  to  provide  a  more  benign  setting  for  battery 
operation  than  the  previous  designs,  and  will  offer 
flexibility  in  choice  of  operating  mode  to  accommodate 
many  prospective  situations  in  order  to  gain  the  most 
useful  life  from  the  DSCS-II  batteries. 
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